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Abstract
Acid Resistance Mechanisms in Staphylococcus aureus
Chunyi Zhou, Ph.D.
University of Nebraska Medical Center, 2019
Advisor: Paul D. Fey, Ph.D.
Staphylococcus aureus is a leading cause of opportunistic infections in community
and health care settings. To thrive in a great variety of environments, S. aureus has
developed the capability of tolerating temporary pH changes, as well as resisting constant
acid stress. To evaluate the impact of strong and weak acid stress on S. aureus, growth
patterns of JE2 were monitored when cultured in chemically defined media (CDM) at
various pH in the presence of hydrochloric acid (HCl), acetic acid, and lactic acid. Our
results showed that S. aureus responds to strong and weak acids in different manners. S.
aureus is more susceptible to acetic acid than HCl and is able to alleviate lactate acid
stress by consuming lactate. In-depth investigations of lactate catabolism revealed that
lactate quinone oxidoreductase (Lqo), and lactate dehydrogenases (Ldh1 and Ldh2) are
crucial for lactic acid resistance. In addition, we explored the in vitro and in vivo functions
of urease in S. aureus with approaches such as genetic manipulations, growth assays, as
well as mouse model systems. We discovered that in contrast to Staphylococcus
epidermidis, S. aureus primarily employs the urease pathway to rescue survival under acid
stress. Examination of urease regulation indicated that the regulation network is mainly
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comprised of CcpA, agr, and CodY, suggesting that urease transcription responds to
metabolic changes and is tied closely to virulence. Our data demonstrated that urease is
essential for S. aureus to resist clearance by host immunity and to persist in the mouse
kidneys, underscoring the potential role of urease as a critical virulence factor required for
renal infection with S. aureus. Collectively, in these studies we have identified and
characterized important systems S. aureus employs when adapting to unfavorable acidic
niches, and this knowledge lays the foundation for broadening our understanding of acid
resistance mechanisms of S. aureus.
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Chapter 1: Introduction
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S. aureus infections range from skin and soft tissue infections and food poisoning,
to life-threatening bacteremia, endocarditis, and pneumonia (1, 2). The ability of S. aureus
to cause infections is due to the production of numerous virulence factors such as toxins,
protein A, and hemolysins, as well as biofilm formation that significantly enhances niche
adaptation and persistence of infections (3-5). For S. aureus to thrive in various conditions,
it must not only acclimate to temporary fluctuations in pH but also develop adaptation to
environments where acid stress is constantly present (6). Low pH is a common stress that
S. aureus encounters, since acidification is used to reduce the growth of bacteria in food
processing, and it is part of the host response to limit bacterial invasion during infection.
S. aureus primarily colonizes the host skin, which has an acidic pH (4.1~5.8) due to the
hydrolysis of lipids (7, 8). Therefore, it is essential for S. aureus to minimize the detriment
of skin acidity. During S. aureus acute infection, the host immune response leads to the
formation of local cellulitis or abscess where the pH is decreased (9, 10). Staphylococcal
enteritis caused by S. aureus intestinal colonization has been shown to be associated with
the residence of S. aureus in the skin flora (11, 12), which suggests that S. aureus
intestinal colonization may primarily be a result of skin transmission, during which process
S. aureus must stay viable in the gastric acid with an extremely low pH of 2-3 (13). Similarly,
for S. aureus to reach the intestine during food poisoning, it has to overcome the strong
barrier of gastric acid (14). Further, S. aureus also has the ability to colonize the vagina,
where the pH is 3.8-4.5, causing menstrual toxic shock syndrome (15). As previously
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mentioned, S. aureus forms biofilms to defend against immune attacks from the host (5,
16). The pH is low within biofilms, which is likely due to the production of acidic byproducts
such as lactic acid during fermentation in the presence of glucose (17). In addition, S.
aureus confronts acid stress in the interstitium of kidney medulla (pH 5.5) during infections
in kidneys (18, 19). Despite that S. aureus was traditionally thought to be an extracellular
pathogen, it is now widely accepted that S. aureus survives inside host macrophages,
where it encounters the drop of pH induced by the vacuolar ATPase, as well as the fusion
of phagosome and lysosome, hence the persistence in the acidic compartments of
phagocytes is essential for escape and dissemination (20-22). Therefore, there is a great
necessity to understand the acid response mechanisms of S. aureus for better prevention
and treatment strategies. While many reviews have covered a variety of bacterial acid
response systems, most of them are discussed in the context of gram-negative bacteria
or gram-positive bacteria (23-25). In this chapter, we will introduce recent discoveries of
mechanisms that staphylococci employ to effectively resist acid stress.
Strong acids vs. weak permeable acids
It is noteworthy that strong and weak acids affect bacterial growth in different ways
(23). Strong acids fully dissociate into protons and anions in water, e.g., 1 mol
hydrochloride (HCl) exists in water as 1 mol proton (H+) and 1 mol anion (Cl-). Therefore,
the acid stress caused by a strong acid is mediated by protons. The higher acid
concentration, the lower extracellular pH, which leads to a higher transmembrane proton

4

gradient. In contrast to strong acids, weak acids do not fully dissociate in water (26). For
instance, as acetic acid has a pKa of 4.8, it is only 50% ionized at pH 4.8, which means
50% of acetic acid exists as the undissociated acid form (CH3COOH) and the other 50%
dissociated into protons (H+) and acetate anions (CH3COO-). The undissociated acid
molecules are membrane-permeable because they are uncharged. Since the cytoplasmic
pH is usually higher than the extracellular pH, once the neutral undissociated acid enters
the cytosol, it tends to release protons and induce intracellular acidification. Due to this
unique property, bacteria are more challenged when it comes to acid stress from weak
acids. When S. aureus growth under HCl, acetic acid and lactic acid stress (pH 4.5) was
monitored, lactic acid exposed cells were able to overcome intracellular acidification with
a higher growth yield than HCl stressed cells using lactate as a carbon source (27). Among
these acids, acetic acid has the most growth-inhibition effect (27).
Acid-induced cell damage
A stable intracellular pH (pHi) is key to bacterial survival in environments where the
extracellular pH (pHo) may vary (28). As reviewed previously, acid stress threatens
bacterial growth by inducing cellular damage in multiple ways (25). First, decreased
enzymatic activity is a detrimental effect when the cytoplasm is more acidic than the
optimal pH range of essential enzymes, which also correlates with impaired enzyme
stability. Second, acid stress induces endogenous reactive oxygen species (ROS)
production (29). Third, low pH may induce protein denaturation as protein residues are
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more readily protonated. In S. aureus, ClpB chaperone was upregulated transcriptionally
at pH 5.5 (10), suggesting that under acid stress, potentially more protein aggregation
occurs. Additionally, DNA damage results from acid stress, due to depurination events
where the nitrogenous bases are protonated.
Acid response mechanisms (ARMs)
Confronting various sources of acid stress, staphylococci resort to both direct and
indirect ARMs. Direct ARMs often refer to mechanisms that directly neutralize intracellular
pH, whereas indirect ARMs consist of generation of alkaline compounds, DNA repair,
amino acid biosynthesis and virulence factor expression. When bacterial cell membranes,
major barriers of excess protons, are compromised by acids, rapid responses are
observed which function to prevent intracellular pH drop. These responses are mediated
by cellular components including bicarbonates, phosphates, and proteins (30). Following
rapid responses, inducible responses occur to further resist acid stress.
Gene transcriptional changes upon acid stress
Several studies have employed DNA microarray analyses to characterize S. aureus
gene transcriptional changes induced by acid stress (10, 27, 31, 32). A summarized list of
genes highlighted in the following studies is provided (Table 1.1). Weinrick et al. defined a
S. aureus mild acid stimulon (MAS) containing genes that are induced or repressed under
mild HCl stress (pH 5.5) compared to pH 7.5 when cells were grown in Casamino Acidsyeast extract-glycerophosphate (CYGP) broth without glucose (10). In the MAS, the ure
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Table 1. 1. Selected genes with transcriptional changes upon acid stress in S.
aureus.
(Adapted from Weinrick et al. 2004; Bore et al. 2007; Rode et al. 2010; and Anderson and
Roux et al. 2010.)
Group

Gene

Neutrolizi ureA
ng
compone
nts
ureB
ureC
ureE
ureF
ureG
ureD

Pyruvate
metaboli
sm

arcA
arcC
ldh1

adhA
adh

Function or description pH 5.5
versu
s pH
7.5
(Wein
rick et
al.
2004)

pH 4.5
HCl
shock
(Bore
et al.
2007)

pH 4.5
HCl
shock
for 10
min
(Rode
et al.
2010)

pH 4.5
lactic
acid
shock
for
180
min
(Rode
et al.
2010)

Urease γ subunit

Up

Up

Up

Up

Urease β subunit
Urease α subunit
Urease
accessory
protein UreE
Urease
accessory
protein UreF
Urease
accessory
protein UreG
Urease
accessory
protein UreD
Arginine deiminase
Carbamate kinase
L-Lactate
dehydrogenase 1

Up
Up
Up

Up
Up

Up
Up
Up

Up
Up
Up

Up

Up

Up

Up

Up

Up

Up

Up

Up

Up

Down
Down

Down
Down

Up

Up

Alcohol
dehydrogenase
Alcohol
dehydrogenase I

pH 4
HCl
shock
for 30
min
(Ande
rson
and
Roux
et al.
2010)
Up

Up

Up
Down
Down

Down

Down
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ackA
aldH
alsS
budA
1
budB
ddh
ldh2
pckA
pycA
Tricarbo sdhC
xylic acid
(TCA)
cycle
sdhB

sdhA

sucB

sucA

icd

gltA

Acetate kinase
Aldehyde
dehydrogenase
Acetolactate synthase
Alpha-acetolactate
decarboxylase
Acetolactate synthase,
catabolic
D-Lactate
dehydrogenase
L-Lactate
dehydrogenase 2
Phosphoenolpyruvate Up
carboxykinase
Pyruvate carboxylase Down

Up

Up
Up

Up

Up
Up
Down

Putative
succinate
dehydrogenase
cytochrome b558
Succinate
Up
dehydrogenase ironsulfur protein subunit
Putative
succinate
dehydrogenase
flavoprotein subunit
2-Oxoglutarate
dehydrogenase,
E2
component,
dihydrolipoamide
succinyltransferase,
authentic frameshift
2-Oxoglutarate
dehydrogenase,
E1
component
Isocitrate
dehydrogenase,
NADP-dependent
Citrate synthase

Up

Down
Up

Up

Up

Up

Up

Down

Down

Down

Down

Up

Down
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citZ
mqo
Pentose
phosphat
e
pathway
(PPP)

deoC
1

drm
zwf

H+
pumps

deoC
2
atpC
atpD
atpG
atpA
atpH
atpF
atpE
atpB
atpI

Purine/p
yrimidine
biosynth
esis

purA

purE

purK

Methylcitrate synthase
Malate:quinone
oxidoreductase
Deoxyribosephosphate aldolase

Up

Up

Up

Up

Up
Up

Up
Up

Up

Up

Down

Down

Down

Down

ATP synthase β chain
ATP synthase γ chain
ATP synthase α chain
Putative ATP synthase
δ chain
Putative ATP synthase
subunit B
ATP synthase subunit
C
Putative ATP synthase
subunit A
Putative ATP synthase
subunit I
Adenylosuccinate
synthetase

Down
Down
Down
Down

Down
Down
Down
Down

Down
Down
Down
Down

Down
Down
Down
Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Putative
phosphoribosylaminoi
midazole carboxylase
catalytic subunit
Putative
phosphoribosylaminoi

Down

Down

Up

Down

Down

Down

Up

Down

Phosphopentomutase
Glucose-6-phosphate
1-dehydrogenase
Putative deoxyribosephosphate aldolase
ATP synthase ε chain

Up
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midazole carboxylase
ATPase subunit
purC

purQ

purL

purM

purH

purD

pyrR
pyrP
pyrB

pyrC
pyrF
pyrE

Putative
phosphoribosylaminoi
midazolesuccinocarbo
xamide
synthase
Putative
phosphoribosylformylg
lycinamidine synthase
I
Putative
phosphoribosylformylg
lycinamidine synthase
II
Putative
phosphoribosylformylg
lycinamidazole
synthetase
Bifunctional
phosphoribosylaminoi
midazolecarboxamide
formyltransferase
Putative
phosphoribosylamineglycine ligase
Pyrimidine
operon
repressor chain A
Uracil permease
Aspartate
transcarbamoylase
chain A
Dihydroorotase
Orotidine-5-phosphate
decarboxylase
Orotate
phosphoribosyltransfe
rase

Down

Down

Up

Down

Down

Down

Up

Down

Down

Up

Down

Up/Do
wn

Down

Up

Down

Up/Do
wn

Down

Up

Up/Do
wn

Down

Up

Up

Down

Down

Up
Up

Down

Down

Down

Down
Down

Down

Down

Up
Up
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pyrG
pyrH
pyrD
Capsular
polysacc
haride
synthesi
s

cap5
A

cap5
B

cap5
C

cap5
D

cap5
E

cap5F

cap5
G

cap5
H

CTP synthase
Uridylate kinase
Dihydroorotate
dehydrogenase
Capsular
Up
polysaccharide
synthesis
enzyme
Cap5A
Capsular
polysaccharide
synthesis
enzyme
Cap5B
Capsular
polysaccharide
synthesis
enzyme
Cap8C
Capsular
polysaccharide
synthesis
enzyme
Cap5D
Capsular
polysaccharide
synthesis
enzyme
Cap8E
Capsular
polysaccharide
synthesis
enzyme
Cap5F
Capsular
polysaccharide
synthesis
enzyme
Cap5G
Capsular
polysaccharide
synthesis enzyme Oacetyl
transferase
Cap5H

Up

Up

Up

Up

Up

Up

Up

Down
Down
Down
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cap5I

cap5J

cap5
K

Transpor
t proteins

dltA
dltB

dltC

dltD

opuD
1
opuD
2
opuC
D

opuC
C

opuC
B

Capsular
polysaccharide
synthesis
enzyme
Cap5I
Capsular
polysaccharide
synthesis
enzyme
Cap5J
Capsular
polysaccharide
synthesis
enzyme
Cap5K
D-Alanine-D-alanyl
carrier protein ligase
Putative activated Dalanine
transport
protein
D-Alanine
poly(phosphoribitol)lig
ase subunit 2
Putative lipoteichoic
acid
biosynthesis
protein
Glycine
betaine
transporter
Glycine
betaine
transporter 2
Probable
glycine
betaine/carnitine/choli
ne ABC transporter
(membrane p) opuCD
Glycine
betaine/carnitine/choli
ne ABC transporter
(osmoprotective)
opuCC
Probable
glycine
betaine/carnitine/choli

Up

Up

Up

Up

Down

Up

Down

Up

Down

Up

Down

Down
Up
Up

Up

Up

Down

12

ne ABC transporter
(membrane p) opuCB
opuC
A

sar24
37

sar24
38

glpT
opp1F
opp1C

opp1B

opp1A

opp2E
opp2D
opp2C

Glycine
betaine/carnitine/choli
ne ABC transporter
(ATP-bindin) opuCA
Putative
transport
protein
(drug
resistance transporter
EmrB/QacA)
Putative
transport
protein
(drug
resistance transporter
EmrB/QacA)
Glycerol-3-phosphate
transporter
Oligopeptide
transporter
putative
ATPase domain
Oligopeptide
transporter
putative
membrane permease
domain
Oligopeptide
transporter
putative
membrane permease
domain
Oligopeptide
transporter
putative
substrate
binding
domain
Oligopeptide
transporter
putative
ATPase domain
Oligopeptide transport
ATPase
Oligopeptide
transporter membrane
permease domain

Up

Up
Down

Down

Down

Down

Up

Up
Up

Up

Up

Up

Up

Down

13

opp2B
kdpC

kdpB

kdpA

mnhG
mnhF
mnhE
mnhD
SAC
OL0687
nhaC
N315SA21
56
nixA
norA
SAC
OL2347
SAC
OL2348

Oligopeptide
transporter membrane
permease domain
Probable potassiumtransporting ATPase C
chain
Probable potassiumtransporting ATPase B
chain
Probable potassiumtransporting ATPase A
chain
Na+/H+
antiporter
subunit
Na+/H+
antiporter
subunit
Na+/H+
antiporter
subunit
Na+/H+
antiporter
subunit
Na+/H+ antiporter

Up

Up

Up

Up

Down

Down

Down

Down
Down

Down

Down
Up

Na+/H+ antiporter

Down

L-Lactate permease Down
lctP homologue
High-affinity
nickel
transporter
Multidrug resistance
protein (NorA)
Drug
resistance
transporter,
EmrB/QacA subfamily
Drug
transporter,
putative

Up
Down

Down

Up

Up

Up

14

SAC
OL2357
gltS

General
stress
response

SAC
OL1108
SAC
OL1109
SAC
OL1110
SAC
OL1111
ctsR

MRS
A252sar05
27
clpC
sarA
clpP

clpB

clpL
grpE

ABC
transporter,
permease protein

Up

Sodium:glutamate
symporter
Spermidine/putrescine
ABC transporter, ATPbinding protein
Spermidine/putrescine
ABC
transporter,
permease protein
Spermidine/putrescine
ABC
transporter,
permease protein
Spermidine/putrescine
transporter

Down
Down

Down

Down

Down

Putative DNA-binding
protein.
Transcriptional
regulator CtsR
ATP:guanido
phosphotransferase

Up

Putative
stress
response-related Clp
Staphylococcal
accessory regulator A
ATP-dependent
Clp
protease
proteolytic
subunit
Putative
ATPase Up
subunit of an ATPdependent protease
ATP-dependent
Clp
protease, putative
GrpE protein (Hsp-70
cofactor)

Up

Up

Up

Up

Up

Up

Up

Down

Up

Up

Up

Up

Up

Up

Up

Up

Up

15

groEL
groES
agrA

agrC
sigB
rsbU
saeS

Oxidativ
e stress
related
genes

saeR
ndhF(
nuoF)
sodM

trxB

Biofilm

MRS
A252sar08
62
trxA
katA
sodA
fnbA
fnbB
clfA
clfB

60 kDa chaperonin
10 kDa chaperonin
Autoinducer
sensor
protein
response
regulator protein
Accessory
gene
regulator protein C
RNA polymerase σB
factor
Putative σ factor sigB
regulation protein
Histidine
protein
kinase
Response regulator
NADH dehydrogenase
subunit 5
Superoxide dismutase

Up

Up
Up
Up

Up
Up
Up

Down

Down

Up

Down

Down

Down

Down

Down

Down

Down
Up

Down
Up

Up
Up

Putative
thioredoxin
reductase
Putative thioredoxin

Up

Up

Up

Up

Up

Thioredoxin
Catalase
Superoxide dismutase
Fibronectin-binding
Down
protein precursor
Fibronectin-binding
protein B
Clumping factor A
Fibrinogen
and
keratin-10
binding
surface
anchored
protein

Up
Up
Up

Up
Up
Up
Down

Up
Up
Up
Down

Down

Down

Down

Down

Down
Up
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icaR

icaA
icaD
icaB
icaC
tcaR
nuc
Other
genes

fdh

sspC
sspB
sspA

hla
rnc
glnR
arg
srtA
cidB
cidA
cidR
secY

ica
operon
transcriptional
regulator
Intercellular adhesion
protein A
Intercellular adhesion
protein D
Intercellular adhesion
protein B
Intercellular adhesion
protein C
TcaR
transcription
regulator
Staphylococcal
nuclease
NAD-dependent
formate
dehydrogenase
Cysteine protease
Cysteine
protease
precursor
Serine protease; V8
protease;
glutamyl
endopeptidase
Alpha-hemolysin
precursor
RNase III
Glutamine synthetase
repressor
Arginase
Sortase
Conserved HP
Conserved HP
HP,
similar
to
transcription regulator
HP,
similar
to
preprotein translocase
secY

Up

Up

Down

Down

Down

Up

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down

Up

Up
Up

Down

Up

Up
Up
Up
Up
Up
Up
Up
Up
Up

Down
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carA
carB
lrgA
lrgB
lytR
lytM
lukD

lukS
lukM

lukE

hlgA
hlgC
hlgB
bioX
bioW

rexB
rexA
polA
ahpF
ahpC
gpm

Carbamoyl-phosphate
synthase small chain
Carbamoyl-phosphate
synthase large chain
Holin-like protein LrgA
Holin-like protein LrgB
Response regulator
Peptidoglycan
hydrolase
Leukotoxin,
LukD
(pathogenicity island
SaPIn3)
Leukotoxin LukS
HP,
similar
to
leukocidin chain lukM
precursor
HP,
similar
to
synergohymenotropic
toxin precursor
Gamma-hemolysin
chain II precursor
Gamma-hemolysin
component C
Gamma-hemolysin
component B
HP, similar to BioX
protein
HP, similar to 6carboxyhexanoate–
CoA ligase
Exonuclease RexB
Exonuclease RexA
DNA polymerase I
Alkyl
hydroperoxide
reductase, subunit F
Alkyl
hydroperoxide
reductase, subunit C
Phosphoglycerate
mutase

Up

Down

Down

Up

Down

Down

Down
Down
Down
Down
Down

Down
Down

Down

Down
Down
Down
Down
Down

Up
Up
Up
Up
Up
Up

Up
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fdaB
pepQ
pepA
1
pepA
2
kdpD
kdpE

feoB
frp
SAC
OL0119
SAC
OL2554
cysM

IspA
metE
metK
cydA

cydB

Fructose-diphosphate
aldolase, class I
Proline dipeptidase
Glutamyl
aminopeptidase
Glutamyl
aminopeptidase
Sensor protein KdpD
Up
KDP
operon Up
transcriptional
regulatory
protein
KdpE
Ferrous iron transport
protein B
NAD(P)H-flavin
oxidoreductase
Cell
wall
surface
anchor family protein

Up
Up
Up
Up
Up

Up
Up
Up

LrgA family protein

Up

Cysteine
synthase/cystathionin
e beta-synthase family
protein
Lipoprotein
signal
peptidase
Homocysteine
methyltransferase
S-adenosylmethionine
synthetase
Cytochrome
d
ubiquinol
oxidase,
subunit I
Cytochrome
d
ubiquinol
oxidase,
subunit II

Down

Down
Down
Down
Down

Down
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narG
narH
narJ
nirB

qoxA
qoxB
qoxC

Respiratory
nitrate
reductase, α
Respiratory
nitrate
reductase, β
Respiratory
nitrate
reductase, δ
Nitrite
reductase
[NAD(P)H],
large
subunit
Quinol
oxidase,
subunit I
Quinol
oxidase,
subunit II
Quinol
oxidase,
subunit III

Down
Down
Down
Down

Down
Down
Down
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operon was highly upregulated, indicating that urease is crucial for the pH homeostasis.
In addition, the opuC and kdp operons, which are involved in osmoprotection, had
increased transcription upon exposure to pH 5.5. Moreover, this study suggested that mild
acid condition redirects virulence factor expression, such as the sae and rot regulon. Bore
et al. compared S. aureus transcription pattern changes induced by sudden inorganic HCl
stress at pH 4.5 (31). The acid response-related genes include the ure operon, nickel
transporter-encoding nixA, NADH dehydrogenase-encoding nuoF, as well as genes
involved in the pentose phosphate pathway, tricarboxylic acid (TCA) cycle, ROS response,
and DNA repair. Unexpectedly, as it has been demonstrated to be one of the major acid
stress response mechanisms in Streptococcal and Enterococcal species (33, 34), the F0F1
ATPase was transcriptionally down-regulated. The transcription of sae and other virulence
factors were also decreased. Further, Rode et al. characterized differential transcriptional
regulation of genes in S. aureus after exposure to pH 4.5 acid shock by either HCl for 10
min or lactic acid for 180 min (27). Urease genes were observed to be upregulated in both
acid stress conditions. TCA cycle genes and genes converting pyruvate to acetaldehyde,
diacetyl, acetyl phosphate, and acetyl-CoA were upregulated. Similar to the 2007 study
(31), the transcription of the F0F1 ATPase and biofilm-related genes was decreased after
acid shock. Another transcriptomic analysis by Anderson and Roux et al. evaluated gene
expression changes in S. aureus when exposed to HCl at pH 4 (32). Genes
transcriptionally responsive to acid shock were involved in the production of neutralization
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molecules, transporters, and pyrimidine biosynthesis. F0F1 ATPase and virulence factor
genes were shown to be down-regulated. Notably, the impact of acidic stress on
messenger RNA turnover was also assessed in this study. Overlapping with the acid shock
stimulon, urease and certain transporter genes had more stable RNA transcripts, which
suggests that the acid-induced regulation of gene expression may also occur at the post
transcriptional level via changes in mRNA degradation via ribonucleases and non-coding
RNAs.
Urease
Urease is one of the major mechanisms to alleviate acid stress in bacteria. The
urease enzyme catalyzes the hydrolysis of urea generating ammonia (NH3) and
carbamate (NH2COOH), which is spontaneously hydrolyzed into carbon dioxide (CO2) and
another molecule of ammonia. Ammonia can be ionized in water, yielding ammonium
(NH4+), during which process one proton is consumed, resulting in a pH increase. Bacteria
encounter urea in the soil and in the host, while producing urea through their own
metabolism (35). In humans, urea is generated as a nitrogenous waste product to be
secreted into the urine. Not only body fluids such as blood and sweat contain urea, kidney
tubules and interstitium are also urea-rich (36). Therefore, urea is easily accessible for
staphylococcal species, as S. aureus and S. epidermidis colonize the skin and sweat
glands, and S. saprophyticus is a leading cause of urinary tract infections. In S. aureus,
urease transcription is upregulated upon various kinds of acid stress as reported in
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multiple transcriptional analyses (10, 27, 31). Urease is a nickel-dependent enzyme, and
the nixA gene encoding a high affinity nickel transporter also showed upregulated
transcription upon acid stress (31). S. saprophyticus is known for exploiting urease for its
virulence (37). Upon colonization of the urinary tract, ammonia generation by urease leads
to a pH increase of urine, facilitating the formation of urinary stones (38).
Arginine deiminase pathway (ADI)
The arginine deiminase pathway consists of arginine deiminase (encoded by arcA),
ornithine carbamoyltransferase (encoded by arcB), and carbamate kinase (encoded by
arcC). In the presence of H2O, arginine is converted to ornithine along with ammonia, ATP,
and CO2 through this pathway. The generation of NH3 facilitates intracellular pH
homeostasis under acid stress, however, in addition, the production of ATP may also
contribute to resistance of pH decrease since it can be used as an energy source for the
F1F0 ATPase to drive the export of protons (39). The ADI genes are conserved across
many staphylococcal species including S. epidermidis, S. aureus, and S. haemolyticus
(40-42). Apart from the arc operon encoded within the chromosome, a second copy of the
arc operon is often found in the arginine catabolic mobile element (ACME) in S.
epidermidis (43) and S. aureus (44). A previous study has suggested that the ADI system
in S. epidermidis is key to cell viability under organic acid stress via ammonia synthesis
which neutralizes the pH (45). It was determined that the production of NH3 via the ADI
pathway prevented cell death by inhibiting the production of reactive oxygen species. In
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addition, the native and ACME-encoded ADIs can compensate for each other functionally.
Interestingly, the ACME in S. aureus is believed to be horizontally acquired from S.
epidermidis (45). Lastly, It has been reported that constitutive expression of ACMEencoded arc genes facilitates the survival of USA300 in the presence of lactic acid at a
low pH similar to the skin pH (46).
Amino acid decarboxylation systems
The amino acid decarboxylation systems are dependent upon the specific amino
acids glutamate, ornithine, lysine, and arginine (23). The two components, a
decarboxylase and a cognate antiporter, work coordinately once the extracellular pH falls
below a particular threshold. Once the threshold is met, the amino acid is selectively
imported by the antiporter, followed by the amino acid decarboxylation reaction in which
the decarboxylase consumes one proton per reaction, and the export of the corresponding
amine product. Therefore, the amino acid decarboxylation systems contribute to
maintaining the intracellular pH. Although they are more commonly seen in gram-negative
bacteria, a few staphylococcal species such as S. epidermidis and S. lugdunensis contain
functional ornithine decarboxylases (47). Interestingly, in spite of the presence of putative
ornithine/lysine/arginine decarboxylase genes in S. aureus, the de novo generation of
polyamines (i.e. putrescine, cadaverine, and agmatine) is not detectable (48).
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F1F0 ATPase
The F1F0 ATPase embedded in the cytoplasmic membrane has dual functions of both ATP
synthase and ATPase. The former is to synthesize ATP as protons enter the cytoplasm
driven by the proton-motive force. The latter is to pump out protons from the cytoplasm
using the energy generated during ATP hydrolysis, functioning to alleviate intracellular
proton accumulation upon acid stress. A recent study underscored the importance of the
F1F0 ATPase in S. aureus (39). During fermentation, the F1F0 ATPase actively exports
protons and contribute to maintaining the proton-motive force. As a result, the intracellular
pH is increased to above 8.0, which is favorable for the function of fermentation enzymes
such as lactate dehydrogenase. In addition, it was shown that the F1F0 ATPase activity is
required for S. aureus persistence and virulence in murine skin and soft tissue infections
where hypoxia and iron limitation inhibit bacterial respiration during local inflammation.
Notably, the transcription of the atpIBEFHAGDC operon encoding the F1F0 ATPase was
downregulated or not significantly changed upon HCl shock (10, 27, 31). However, this
does not exclude the possibility that the upregulation of the F1F0 ATPase activity functions
at the subunit assembly level (34).
ROS detoxification system
Acid stress is often accompanied by ROS stress. On the one hand, bacteria
encounter complex environments where both stressors coexist. Upon macrophage
phagocytosis, vacuolar ATPase functions to decrease phagosomal pH to create an acidic
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environment, while intracellular myeloperoxidase produces reactive oxygen intermediates
including hypochlorous acid (HOCl) from chloride ions and hydrogen peroxide (24, 49).
On the other hand, acid stress is able to induce endogenous ROS generation. Upon acid
stress, noticeable transcriptional upregulation can be observed in genes involved in the S.
aureus ROS detoxification system, such as superoxide dismutase (sodA and sodM),
catalase (katA), alkyl hydroperoxide reductase (aphC and ahpF), and thioredoxin (trxA
and trxB) (27, 31, 50). It was previously reported that a sodA mutant was more sensitive
to low pH, when exposed to immediate acid stress (10 min pH 2), as well as tiered acid
stress (30 min pH 2 after pH 4 pretreatment), suggesting that SodA is involved in both
acid resistance and acid adaptation response (50). In addition, the clpP, clpB, and clpC
genes which are crucial for oxidative stress resistance were upregulated upon acid stress
(27, 31), suggesting that the Clp protease system may play an important role in the S.
aureus acid response.
Cyclic di-adenosine monophosphate (c-di-AMP)
The signaling molecule c-di-AMP is produced by diadenylate cyclase DacA from two
molecules of ATP (51). Acting as a second messenger, c-di-AMP has been demonstrated
to function in regulating cellular events such as cell wall homeostasis, ion transport, DNA
damage repair, and acid resistance (51). A study by Bowman and colleagues revealed
that S. aureus YbbR, which interacts with DacA, is critical for acid stress resistance
because ybbR mutants displayed increased acid sensitivity (52). The role of c-di-AMP in
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acid resistance was also highlighted in this study, where acid stress exposure induced an
increase in c-di-AMP level, and a high-level producing S. aureus strain had greater growth
yield compared to a low-level producing strain (52). The specific mechanisms of c-di-AMP
regulating acid resistance remain to be elucidated, nevertheless one possible mechanism
is through KdpD and OpuCA proteins, which are essential for osmoprotection, given that
kdpD and opuC operons are upregulated upon acid stress (10, 52).
Summary
In this chapter, I recapitulated recent advances and provided an overview of the
current knowledge of acid resistance systems in S. aureus. More comprehensive future
studies are still in need to further explore the underlying mechanisms that are driving the
survival of S. aureus under acid stress. In this dissertation, we have focused on the weak
acid stress response network in S. aureus with two main hypotheses. First, lactate
catabolism contributes to growth under lactic acid stress. Additionally, urease facilitates
survival in the presence of acetic acid stress via ammonia generation and pH homeostasis.
Studies to validate these hypotheses will be elaborated in Chapter 3 and Chapter 4.
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Chapter 2: Materials and methods

28

Table 2. 1. Strains, plasmids and primers used in this study

Strains

Description

Source

Escherichia coli
E10B

General plasmid maintenance Stratagene
strain

DH5α

Cloning strain

Gibco

Staphylococcus aureus
RN4220

Restriction

deficient

commonly

used

strain (53)
as

a

transformation intermediate
RN9011

RN4220/pRN7023

(SaPI1 (54)

integrase, cat194) Cmr
JE2

Wildtype; CA-MRSA USA300 (55)
LAC cured of all 3 native
plasmids; Erms, Cms, Tets

JE2 ureB::ΦΝΣ

bursa aurealis ureB mutation (56)
in JE2; Ermr

JE2 Δure

Deletion

mutant

ureABCEFGD in JE2

of This study
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JE2 ΔccpA::tetL

Allelic replacement mutation in (55)
ccpA in JE2; Tetr

JE2 Δagr::tetM

Allelic replacement mutation in This study
agr in JE2; transduced from
AH1292; Tetr

JE2 ΔcodY::ermB

Allelic replacement mutation in This study
codY in JE2, transduced from
ΔcodY::ermB in LAC; Ermr

JE2 arcA1::kan/arcA2::ΦΝΣ

bursa

aurealis

arcA1

arcA2

mutations,

the

and (57)
erm

cassette exchanged with kan
in arcA1; Kanr, Ermr
JE2 ΔccpA::tetL/gudB::ΦΝΣ

bursa aurealis gudB mutation This study
in JE2 ccpA::tetL; Tetr, Ermr

JE2 ΔccpA::tetL/Δure

ureABCEFGD deletion mutant This study
in JE2 ΔccpA::tetL; Tetr

JE2 ΔccpA::tetL/rocF::ΦΝΣ

bursa aurealis rocF mutation in (57)
JE2 ΔccpA::tetL; Tetr, Ermr
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JE2 ΔccpA::tetL/putA::ΦΝΣ

bursa aurealis putA mutation (55)
in JE2 ΔccpA::tetL; Tetr, Ermr

JE2 ΔccpA::tetL/arcA1::kan/arcA2::ΦΝΣ ccpA,

arcA1,

arcA2

triple This study

mutant in JE2; transduced
from

JE2

arcA1::kan/arcA2::ΦΝΣ

into

JE2 ΔccpA::tetL; Tetr, Kanr,
Ermr
JE2/pNF315

JE2 containing pNF315; Cmr

JE2 ΔccpA::tetL/pNF315

JE2

ΔccpA::tetL

This study

containing This study

pNF315; Tetr, Cmr
JE2 Δagr::tetM/pNF315

JE2

Δagr::tetM

containing This study

pNF315; Tetr, Cmr
JE2 ΔcodY::ermB/pNF315

JE2 ΔcodY::ermB containing This study
pNF315; Ermr, Cmr

JE2 SaPI1 attC::pJC1111

JE2 with pJC1111 integrated to This study
the SaPI1 attC site

JE2 SaPI1 attC::pNF363

JE2 with pNF363 integrated to This study
the SaPI1 attC site
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JE2 ureB::ΦΝΣ SaPI1 attC::pJC1111

JE2 ureB::ΦΝΣ with pJC1111 This study
integrated to the SaPI1 attC
site; Ermr, Cdr

JE2 ureB::ΦΝΣ SaPI1 attC::pNF363

JE2 ureB::ΦΝΣ with pNF363 This study
integrated to the SaPI1 attC
site; Ermr, Cdr

JE2 lqo::ΦΝΣ

bursa

aurealis

(SAUSA300_2541)

lqo This study
mutation

in JE2; Ermr
JE2 ldh1::kan/ldh2:: ΦΝΣ

ldh1, ldh2 double mutant in This study
JE2; transduced from JE2
ldh1::kan into JE2 ldh2:: ΦΝΣ;
Kanr, Ermr

JE2 ldh1::kan/ldh2:: ΦΝΣ/lqo::tet

ldh1, ldh2, lqo triple mutant in This study
JE2; transduced from JE2
lqo::tet

into

JE2

ldh1::kan/ldh2:: ΦΝΣ; Kanr,
Ermr, Tetr
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JE2 ddh::ΦΝΣ

bursa

aurealis

(SAUSA300_2463)

ddh This study
mutation

in JE2; Ermr
JE2 ddh2::ΦΝΣ

bursa

aurealis

(SAUSA300_2496)

ddh2 This study
mutation

in JE2; Ermr
JE2 lctP::ΦΝΣ

bursa

aurealis

(SAUSA300_0112)

lctP This study
mutation

in JE2; Ermr
JE2 lldP::ΦΝΣ

bursa

aurealis

(SAUSA300_2313)

lldP This study
mutation

in JE2; Ermr
JE2 lqo::ΦΝΣ SaPI1 attC::pJC1111

JE2 lqo::ΦΝΣ with pJC1111 This study
integrated to the SaPI1 attC
site; Ermr, Cdr

JE2 lqo::ΦΝΣ SaPI1 attC::pNF375

JE2 lqo::ΦΝΣ with pNF375 This study
integrated to the SaPI1 attC
site; Ermr, Cdr

Staphylococcus epidermidis
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1457

Wild-type strain used in this (58)
study

Plasmids
pJB38

Temperature-sensitive

allelic (59)

exchange plasmid; Ampr,Cmr
pJB185

Promoterless codon-optimized (60)
lacZ containing plasmid; Ampr,
Cmr

pNF315

JE2

ureABCEFGD This study

promoter::lacZ

reporter

plasmid; Ampr, Cmr
pNF320

JE2

Δure allelic

exchange This study

plasmid; Ampr, Cmr
pJC1111

SaPI1 attS suicide vector, Cdr

pNF363

ureABCEFGD genes with the This study

(61)

native promoter cloned into
pJC1111
pNF375

lqo

gene

with

the native This study

promoter cloned into pJC1111
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Primers
Name

Sequence (5' to 3')

2833

GCGGATCCCCTATTAAGATAAATAAT Forward primer to amplify the
CCTGTCC

Target

intergenic region containing the
ure promoter

2835

CGCTCGAGCAAAATTTATATTAATC

Reverse primer to amplify the

CTAATTGTTGTG

intergenic region containing the
ure promoter in which the native
ribosomal binding site (RBS) is
replaced with a plasmid coded
RBS

2980

CCTTTCGTCTTCAAGAATTCTAATC

Forward primer to amplify the

GCTGTTTTAAATGTATATCC

fragment upstream of ure for
making pNF320

2981

TCTTTTTATTTTACAAATTAAAACCC

Reverse primer to amplify the

CCAATTTC

fragment upstream of ure for
making pNF320
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2982

GTTTTAATTTGTAAAATAAAAAGACT

Forward primer to amplify the

AGTGTACCTTG

fragment downstream of ure for
making pNF320

2983

TTGCATGCCTGCAGGTCGACTTGT

Reverse primer to amplify the

TGAATATGTAAAACAACATATG

fragment downstream of ure for
making pNF320

2984

GCCGCTAATCCAATTGTCCAA

Forward primer to confirm ure
deletion

2985

GAGATTGCTAAGTGCTCAGAG

Reverse primer to confirm ure
deletion

2986

GTCGACCTGCAGGCATGC

Forward primer to amplify pJB38
for making pNF320

2987

GAATTCTTGAAGACGAAAGGGCC

Reverse primer to amplify pJB38
for making pNF320

3306

2991

GATCCGTCAGCCAATTGTCCAATC

Forward primer to amplify the ure

GGCTAC

operon for complementation

ATGCGGATCCCACCTAAACGAATG

Reverse primer to amplify the ure

GAATCTCC

operon for complementation
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3373

3374

GATCCTGCAGTACTATCACCGGCAT

Forward primer to amplify the lqo

TAAGTTG

gene for complementation

ATGCGGATCCGTTGATTTTGCCGTA

Reverse primer to amplify the lqo

TGTATTAGA

gene for complementation

Restriction enzyme recognition sites are underlined. GGATCC, BamHI; CTCGAG, XhoI;
CTGCAG, PstI
Ethics
Animal experiments were performed in ABSL2 facilities in accordance with a protocol
(#11-076-08-FC) approved by the Institutional Animal Care and Use Committee (IACUC).
All animals at the University of Nebraska Medical Center are maintained in compliance
with the Animal Welfare Act and the Department of Health and Human Service “Guide for
the Care and Use of Laboratory Animals.”
Bacterial strains, plasmids and growth conditions
The E. coli, S. aureus, and S. epidermidis strains, plasmids, as well as primers used
in this study are listed in Table 2.1. E. coli cultures were grown in Lysogeny broth (LB;
Difco; Becton, NJ). S. aureus and S. epidermidis were grown in tryptic soy broth (TSB;
Difco; Becton, NJ) containing 14 or 45 mM glucose. Complete defined medium (CDM)
was prepared essentially as previously described (62), and no glucose was added. For
making CDM used in Chapter 3, Na2HPO4 10 g/L and KH2PO4 3 g/L in the original CDM
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recipe were replaced with K2HPO4 2.5 g/L and NaCl 5 g/L. Medium pH was adjusted using
HCl to the desired values. Overnight cultures grown in TSB were washed with phosphatebuffered saline (PBS) twice before inoculation to an optical density at 600 nm (OD600) of
0.05. Cultures were grown aerobically in flasks with a 10:1 flask-to-volume ratio or in 96well plates at 37°C with shaking at 250 rpm. When necessary, antibiotics were added to
cultures as follows: ampicillin (50 µg/ml); erythromycin (10 µg/ml); tetracycline (10 µg/ml);
and chloramphenicol (10 µg/ml); cadmium (0.1 mM). Bacterial growth yield was assessed
by measuring the OD600. Culture pH was measured with a pH meter (Mettler Toledo,
Columbus, OH). Bacterial viability was measured as CFU/ml by serial dilutions on TSB
agar plates.
Molecular genetic techniques
PCR amplifications were performed using Q5 High-Fidelity DNA polymerase (New
England Biolabs, Beverly, MA), Midas Mix (Monserate Biotechnology Group, San Diego,
CA), and oligonucleotides (Table 2.1) synthesized by Sigma-Aldrich (St. Louis, MO).
Restriction endonucleases and ligase from New England Biolabs (Beverly, MA) were used
for DNA digestion and ligation. Purification of DNA fragments prior to subsequent cloning
steps was achieved by recovery from agarose gels using a DNA Clean and Concentrator5 Kit (Zymo Research, Orange, CA). Recombinant plasmids were purified using a Zyppy
Plasmid Miniprep Kit (Zymo Research, Orange, CA). All plasmid inserts were sequenced
at Eurofins Genomics (Louisville, KY) to ensure the absence of mutations.
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The reporter plasmid pNF315 was constructed by amplifying the intergenic region
upstream of ureA with primers 2833 and 2835 so that the native ribosomal binding site
(RBS) was replaced with a plasmid-encoded RBS. The DNA fragment was digested and
ligated into the BamHI and XhoI sites of the vector plasmid pJB185, which contains a
promoterless lacZ (60). pNF315 was electroporated into S. aureus RN4220 and was
subsequently transduced into JE2 strains using bacteriophage Φ11-mediated transduction
(63).
To create the markerless JE2 Δure mutant, the allelic exchange plasmid pNF320
was generated by inserting the DNA sequences 1 kb upstream and 1 kb downstream of
the ureABCEFGD operon into the temperature-sensitive E. coli-S. aureus shuttle vector
plasmid pJB38 (59), using a NEBuilder HiFi DNA Assembly Cloning Kit (New England
Biolabs, Beverly, MA), with primers 2980 and 2983, as well as primers 2986 and 2987.
pNF320 was electroporated into S. aureus RN4220 and subsequently transduced into JE2
WT using bacteriophage Φ11-mediated transduction. Once the plasmid pNF320 was
introduced into JE2, the allelic replacement to introduce the deletion mutation into the S.
aureus chromosome was performed as previously described (64). The deletion of the
urease operon was confirmed phenotypically by plating on a Christensen's urea agar plate
and by PCR using primers 2984 and 2985.
Chromosomal complementation of Δure was performed as previously described (65).
Briefly, plasmid pNF363 was constructed containing ureABCEFGD genes with their native
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promoter by amplifying an approximately 5.5 kb region from the JE2 genome using
primers 2991 and 3306. The resulting DNA fragment was inserted into BamHI and PstI
sites of the shuttle vector pJC1111 yielding pNF363. pJC1111 and pNF363 were
subsequently transformed into RN9011 for chromosomal integration. Φ11 mediated
transduction was performed to move the integrated pJC1111 and pNF363 into both JE2
WT and JE2 ureB::ΦΝΣ.
To chromosomally complement the lqo gene, plasmid pNF375 was constructed by
PCR using primers 3373 and 3374 to amplify a 2.1 kb sequence containing the lqo gene
with its native promoter (from 500 bp upstream to 100 bp downstream of lqo gene). The
resulting DNA fragment was inserted into BamHI and PstI sites of the shuttle vector
pJC1111 yielding pNF375. pNF375 was electroporated into RN9011 for chromosomal
integration. Φ11 mediated transduction was performed to move the integrated pNF375
and pJC1111 from RN9011 into JE2 lqo::ΦΝΣ.
Metabolite assays
For all metabolite assays, bacterial culture was collected and pelleted for 2.5 min at
15,000 rpm. The supernatant was collected and stored at -80°C until use. Glucose,
acetate, urea, ammonia, and lactate concentrations were determined using commercial
kits (R-Biopharm AG, Darmstadt, Germany) according to the manufacturer's instructions.
NMR sample preparation
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As previously described (57, 66), five independent 50 ml cultures of S. aureus JE2
WT and the Δure mutant were grown to stationary phase (OD600 = 1.9) in CDM
containing 15N2-labeled arginine (Isotec, Sigma-Aldrich, Miamisburg, OH) or
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N-labeled

serine (Isotec, Sigma-Aldrich, Miamisburg, OH). For each culture, a total OD600 of 40 was
collected and pelleted by centrifugation at 4000 rpm for 5 min at 4 °C. 2 ml culture
supernatant was collected as the media sample. Pellets were washed with 10 ml of cold
sterile water twice and resuspended in 1 ml cold sterile water. The cells were lysed using
a bead ruptor (OMNI International, Kennesaw, GA) and centrifuged at 15,000 rpm for
15 min at 4 °C. The pellet was re-extracted with 1 ml cold sterile water. The combined cell
lysate supernatant from both extractions, as well as the culture supernatant, were snapfrozen in liquid nitrogen and lyophilized using a FreeZone freeze dryer.
NMR data collection and analysis
The data collection and analysis of NMR was conducted as previously described
(66). A Bruker AVANCE IIIHD 700 MHz spectrometer equipped with a 5 mm quadruple
resonance QCI-P cryoprobe (1H, 13C, 15N, and 31P), an automatic tune and match system
(ATM), and a SampleJet automated sample changer system with Bruker ICON-NMR
software were utilized. The 2D 1H−15N HSQC spectra collected for S. aureus cell lysates
and culture media were assigned using a database of 2D 1H−15N HSQC reference
spectra for known metabolites (66). A chemical shift tolerance of 0.08 ppm for 1H and 0.25
ppm for 15N were used to match metabolites to our reference database.
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-galactosidase assays
-galactosidase assays were performed essentially as previously described (67).
Briefly, overnight cultures of JE2/pNF315 grown in TSB were inoculated in TSB containing
45 mM glucose, TSB containing 45 mM glucose buffered with 100 mM MOPS, TSB
containing 45 mM glucose with 10 mM urea, and TSB containing 45 mM glucose with 10
mM urea buffered with 100 mM MOPS. At 2 h and 6 h, 2 ml and 0.5 ml of cells were
collected and centrifuged (Fig. 4.6A). Additionally, overnight cultures of JE2/pNF315,
ΔccpA/pNF315, Δagr/pNF315, ΔcodY/pNF315 grown in TSB were inoculated to TSB
containing 45 mM glucose and 10 mM urea. At 2 h, 6 h, and 10 h, 2 ml, 0.5 ml, and 0.5 ml
of cells were collected and centrifuged (Fig. 4.6D). The cell pellets were resuspended in
1.2 ml Z-buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM βmercaptoethanol, pH 7.0) and lysed with a bead ruptor (OMNI International, Kennesaw,
GA). 700 μl supernatant of the cell lysate was collected, and 140 μl of 4 mg/ml orthonitrophenyl-β-galactoside (ONPG) was added. The samples were incubated at 37°C until
the color turned slightly yellow (under OD420 1.0). 200 μl of 1 M Na2CO3 was added to stop
the reaction. Protein concentrations were determined by Bradford assays using the
Protein Assay Dye Solution (Bio-Rad, Hercules, California). Absorbances at 420 nm and
550 nm were measured with an Infinite 200 plate reader (Tecan, Männedorf, Switzerland).
Amino acid analysis
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Overnight cultures of JE2 WT and ΔccpA were inoculated to an OD600 of 0.05 in TSB
containing 45 mM glucose. At 0 h, 3 h, 6 h, 9 h, and 12 h, 0.5 ml culture was collected and
pelleted for 3 min at 15,000 rpm. The supernatant was collected and filtered through Pierce
Protein Concentrators (3,000 molecular weight cutoff; Thermo Scientific, Rockford, IL)
according to the manufacturer’s instructions. Amino acid analysis was performed with a
Hitachi L-8800 amino acid analyzer by the Protein Structure Core Facility, University of
Nebraska Medical Center.
Flow cytometry
The flow cytometry analyses following the growth assays were performed as
previously described (68), using a BD LSRII flow cytometer (Becton and Dickinson, San
Jose, California). Cells collected at 24 h and 72 h from the growth assay where JE2 WT
and ureB::ΦΝΣ were cultured in TSB containing 45 mM glucose and 10 mM urea. Cell
samples were washed with PBS to a final concentration of 107 cells/ml and stained with
5-cyano-2,3-ditolyl tetrazolium chloride (CTC, 5 mM) and 3-(p-hydroxyphenyl) fluorescein
(HPF, 15 µM). The fluorescence-activated cell sorting (FACS) was performed at a flow rate
of ∼1,000 cells per second with 10,000 events per sample. Samples were excited at 488
nm, with HPF emission being detected at 530±30 nm, and CTC emission being detected
at 695±40 nm. The FlowJo software was used to analyze the raw data.
For the flow cytometry analyses following the animal experiments, kidneys were
collected in 1.0 mL of FACS buffer, which was composed of PBS and 2% heat-inactivated
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fetal bovine serum (FBS). Kidneys were homogenized with the blunt end of a 3.0 mL
syringe and filtered through a 70 m filter (BD Falcon, BD Biosciences). The filtrate was
washed with PBS and collected by centrifugation (300 x g, 5 min), whereupon the filtrate
was digested with Collagenase A and DNase while mixing at 37 C. The reaction was
stopped after 15 minutes with heat-inactivated FBS on ice, filtered, and washed with FACS
buffer, whereupon red blood cells (RBC) were lysed using the RBC Lysis Buffer
(BioLegend, San Diego, CA). Single cell suspensions were washed and resuspended in
FACS buffer and incubated with TruStain fcX (BioLegend, San Diego, CA) to minimize
non-specific antibody binding. Samples were divided in two to analyze innate immune cell
(MDSCs, neutrophils, monocytes, and macrophages) populations and lymphocyte (CD3,
CD4, CD8, and  T cells) populations separately. Both samples were stained with
Live/Dead Fixable Blue Dead Cell Stain (Invitrogen, Eugene, OR). Innate immune cells
were stained with CD45-APC, Ly6G-PE, Ly6C-PerCP-Cy5.5, and F4/80-PE-Cy7, CD11bFITC (BioLegend, San Diego, CA). Lymphocytes were stained with CD45-PE-Cy7, CD3APC, CD4-PacBlue, CD8-FITC, and TCR-PE. An aliquot of pooled cells was stained
with isotype-matched control antibodies to assess the degree of non-specific staining per
treatment group (69). For individual samples, 10,000-100,000 events were analyzed using
BD FACSDiva software with cell populations expressed as percentages of total viable
CD45+ leukocytes.
Animal experiments
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Seven-week-old male and female C57BL/6 mice (Charles River Laboratories,
Wilmington, MA) were used in all animal experiments. Overnight cultures of S. aureus JE2
WT and Δure in TSB were washed with PBS twice and suspended in PBS to yield
an OD600 of 10. The cultures were further diluted 1:50 with PBS, prior to the retro-orbital
injection of 50 μl (106 CFU) final bacterial suspension. The inocula were verified by serial
dilution plating and colony enumeration on TSB agar plates. Mice were anesthetized by
intraperitoneal injection of ketamine/xylazine (60 mg/kg and 3 mg/kg, respectively). Mice
were euthanized for the quantification of bacterial burden (expressed as Log [(CFU/g of
tissue) +1]), by serial dilution plating and colony enumeration of homogenized organs.
Gentamicin protection assays
Macrophages and neutrophils isolated from C57BL/6 mice were plated in 96-well
plates at 5*104/well in 100 µL of assay media (RPMI1640 supplemented with 10%FBS,
0.1% L-glutamine, and 0.1% HEPES). Overnight culture samples of JE2 WT and JE2 Δure
were washed in assay media and diluted to achieve a multiplicity of infection (MOI) of 10:1.
Plates were incubated at 37°C with humidified 5% CO2 for 45 min to allow for phagocytosis.
The culture supernatant was aspirated and replaced with 100 µL assay media + 100 µg/mL
gentamicin. Following that, culture plates were incubated at 37°C for 30 min to eliminate
remaining extracellular bacteria. For the 0 h plate, culture supernatant was aspirated and
replaced with 100 µL sterile distilled water to lyse macrophages and neutrophils. After 10
min at room temperature, the culture was vigorously pipetted to complete lysis and
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bacterial burden was enumerated. For other experimental plates, culture supernatant was
aspirated and replaced with 100 µL assay media + 1 µg/mL gentamicin. After incubation
at 37°C for the desired amount of time, culture supernatant was aspirated and replaced
with 100 µL sterile distilled water to lyse macrophages and neutrophils. Serial dilutions
were plated on TSB agar plates to quantify the number of intracellular bacteria. Data were
represented as CFU/50,000 macrophages/neutrophils. Note that for experiments with
neutrophils, culture plates were centrifuged at 300 × g for 5 min before aspirating steps.
Statistical methods
For all studies, statistical analysis was performed using GraphPad Prism 5.0
software (La Jolla, CA). P-values < 0.05 were considered significant. For comparisons of
two groups, Mann-Whitney test was used. One-way analysis of variance (ANOVA) was
performed to compare three or more groups. Two-way repeated measures ANOVA was
performed to compare differences between groups with two independent variables.
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Chapter 3: The function of lactate catabolism in Staphylococcus
aureus acid adaptation
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Introduction
Staphylococcus aureus has the ability to withstand environmental pH fluctuations
which allows for colonization in multiple niches. These include the macrophage
phagolysosome (pH 4.5 to 7.4) (70), abscess (pH 6.2 to 7.3), lung (pH 6.8 to 7.6), mouth
(pH 5 to 7), nose (pH 6.5 to 7), skin (pH 4.2 to 5.9), urinary tract (pH 4.6 to 7), and vagina
(pH 4.2 to 6.6) (10) . Studies on the S. aureus acid response systems are limited to DNA
microarray analyses depicting transcriptional changes in the presence of acid stress (10,
27, 31, 32). Notably, the urease operon and genes involved in osmoprotection (the opuC
and kdp operons) were upregulated upon acid stress (10). Moreover, nixA (encoding a
nickel transporter), nuoF (encoding an NADH dehydrogenase), and pentose phosphate
pathway genes were upregulated, while the transcription of sae and other virulence factors
were downregulated (31). In addition to the acid regulon investigations on gene
transcriptional patterns, detailed functional studies of the components of the S. aureus
acid response network are necessary. Weak organic acids, such as acetic acid, lactic acid,
and citric acid, are thought to be more harmful to bacteria than strong acids such as
hydrochloric and sulfuric acid (23). The underlying reason is that, unlike strong acids that
fully dissociate into protons and anions in water, weak acids do not completely dissociate
in water, meaning that a portion of the compound remains in the uncharged acid form.
Weak organic acids in the undissociated form are cell membrane-permeable, facilitating
entry into the cytoplasm, where they release protons after dissociation and cause bacterial
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cell death (26). Based on the Henderson-Hasselbalch Equation pH = pKa + log10 ([A-]/[HA]),
the percentages of undissociated acids are different at a given pH (Fig. 3.1). For example,
at pH 5, 36.0% acetic acid (pKa 4.75) and 6.8% lactic acid (pKa 3.86) remain
undissociated. The difference in the percentages of undissociated acids renders acetic
acid stress more detrimental than lactic acid stress. In this chapter, we investigated how
strong and weak acids affect S. aureus growth.
We further hypothesized that lactate catabolism functions to facilitate S. aureus
growth under acid stress. S. aureus L-lactate biosynthesis is carried out by lactate
dehydrogenases (Ldhs) which during fermentation, generate L-lactate from pyruvate while
regenerating NAD+ thus facilitate redox balance (71). Importantly, S. aureus encodes two
Ldh enzymes: Ldh1 is unique to S. aureus and facilitates fermentative metabolism in the
presence of the host immune response as Ldh1 is insensitive to NO· (72). Ldh enzymes
are also capable of catalyzing the reverse reaction, the oxidation of lactate to pyruvate
using NAD+. Another component of S. aureus lactate metabolism is lactate-quinone
oxidoreductase (Lqo) which also catabolizes L-lactate into pyruvate. Lqo has been shown
to be essential for S. aureus growth and virulence in lactate-rich cardiac tissue in the
presence of host NO· stress (71). Further, while animal hosts almost exclusively produce
L-lactate, bacteria such as S. aureus possesses D-lactate dehydrogenase (Ddh)
mediating the generation of D-lactate from pyruvate (71). Moreover, S. aureus possesses
two genes lctP (SAUSA300_0112) and lldP (SAUSA300_2313) that are annotated as L-
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Fig. 3. 1. Percentage of undissociated acetic acid and lactic acid at different pH
values.
Based on the Henderson-Hasselbalch Equation, percentages of undissociated acetic acid
and lactic acid in water were calculated at pH 0 to pH 8.
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lactate permeases. Although lactate catabolism has been studied, little is known about its
contribution to S. aureus survival in acidic conditions, which we investigate in this chapter.
Results and discussion
S. aureus has different susceptibility to weak acids and strong acids
Previous work has documented that S. aureus is more susceptible to organic acids
than strong acids (27). To confirm those findings, growth assays were performed
comparing the effects of HCl, acetic acid, and lactic acid on the growth of S. aureus JE2
wildtype (Fig. 3.2). In this experiment, 16 mM sodium L-lactate or 24 mM sodium acetate
was added to CDM, and the medium pH was adjusted to designated values with HCl in
each condition. The way L-lactate and acetate salts were added ensured that the
additional carbon source in acetate and lactate, which may contribute to the growth yield,
had equal molar concentration based on the 3:2 ratio of carbon atoms in sodium lactate
(C3H5NaO3) and sodium acetate (C2H3NaO2). At pH 6, JE2 exhibited a decreased growth
rate when cultured in the presence of acetic acid than when grown under HCl pressure.
However, growth in the presence of lactic acid resulted in a higher OD yield and an
extended exponential phase (Fig. 3.2B). Importantly, JE2 grown in acetic and lactic acids
reached similar final growth yield at 20 h. At pH 5, JE2 exposed to lactic acid stress
essentially phenocopied what was observed at pH 6. However, at pH 5, JE2 displayed a
prolonged lag phase when grown in the presence of acetic acid with a significantly reduced
OD yield when compared to HCl stress alone (Fig. 3.2C), indicating that S. aureus is more
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Fig. 3. 2. Impacts of different acids on S. aureus growth.
Growth assays of three biological replicates of S. aureus JE2 WT cultured in CDM
containing 24 mM sodium acetate, and CDM containing 16 mM sodium lactate for 20 h.
Every 30 minutes, culture optical density at 600 nm was measured using a Tecan reader.
(A) Medium pH was adjusted to 7 with HCl. (B) Media pH values were adjusted to 6 with
HCl. (C) Media pH values were adjusted to 5 with HCl. (D) Media pH values were adjusted
to 4 with HCl.
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susceptible to acetic acid stress than HCl stress or lactic acid stress at pH 5. This
replicates what has been observed previously in the literature (27), as the medium pH is
near the pKa of acetic acid (pKa 4.8). Finally, at pH 4, the growth of JE2 was detected only
when exposed to HCl stress alone, but not with acetic acid or lactic acid stress (Fig. 3.2D),
because according to the Henderson-Hasselbalch Equation, at pH 4, 84.9% acetic acid
and 42.0% lactic acid remain undissociated and permeable to cell membrane to cause
intracellular acidification (Fig. 3.1). This result confirms that S. aureus is more capable of
adapting to strong acid stress than weak organic acid stress.
Lactate catabolism facilitate S. aureus growth under lactic acid stress
Based on our studies above, we hypothesized that S. aureus employs lactate
catabolism to grow under acid stress. To test our hypothesis, growth experiments were
performed in CDM with and without 16 mM L-lactate at pH 7, 6, 5, and 4 (Fig. 3.3). Growth
patterns of different mutants of lactate catabolism and lactate transport were compared to
JE2 WT. In the absence of lactate at pH 7, no significant growth defect was observed for
all the mutants tested (Fig. 3.3A). When 16mM lactate was added to CDM at pH 5.0 or
6.0, among the single lactate catabolism mutants which exhibited enhanced lag phases,
the lqo mutant had a significant growth defect (Fig. 3.3C). None of the strains assessed
grew at pH 4. However, significant growth defects were noted in the ldh1/ldh2/lqo triple
mutant at both pHs of 5.0 and 6.0 (Fig. 3.3C). These findings demonstrate that not only
does Lqo have a critical function in acid resistance but also Ldh1 and Ldh2 participate in
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Fig. 3. 3. S. aureus lactate catabolism contributes to growth under acid stress.
Growth assays of three biological replicates of S. aureus JE2 WT, lqo::ΦΝΣ,
ldh1::kan/ldh2::erm, ldh1::kan/ldh2::erm/lqo::ΦΝΣ, ddh::ΦΝΣ, ddh2::ΦΝΣ, lctP::ΦΝΣ,
lldP::ΦΝΣ cultured in CDM at pH 7 (A), and CDM containing 16 mM sodium L-lactate at
pH 6 (B), 5 (C) and 4 (D) for 20 h. Every 30 minutes, culture optical density at 600 nm was
measured using a Tecan reader. Culture starting pH values were adjusted with HCl. At 20
h, culture supernatant lactate levels were measured for starting pH at 6 (E) and 5 (F),
expressed as percentage of CDM containing 16 mM sodium L-lactate blank control. One
sample was tested for each strain.
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facilitating growth under acid stress by consuming lactate. These results also suggest that
Lqo is the major component in lactate catabolism and is able to functionally compensate
for Ldh1 and Ldh2, as there was no dramatic growth defect observed in the ldh1/ldh2
double mutant at either pH 6 or pH 5. Our findings were further confirmed by lactate
consumption assay, in which all strains except the triple mutant consumed the lactate in
the medium with starting pH at 6 and 5 (Fig. 3.3E and F). The ldh1/ldh2/lqo triple mutant
had almost complete abolishment of lactate consumption. At pH 4, all strains failed to grow
under such severe acid stress. Although the ddh and ddh2 mutants, as well as lactate
permease mutants did not show significant growth defect in this growth experiment, this
could be due to redundancy in function of those enzymes. Future experiments with the
ddh1/ddh2 double mutant, ldh1/ldh2/lqo/ddh1/ddh2 mutant and lctP/lldP double mutant
remain to be performed to test the function of Ddh and lactate permease enzymes. When
the lqo gene with its native promoter was chromosomally complemented to the SaPI1 site
in the lqo::ΦΝΣ mutant, growth rate and growth yield at pH 6 and 5 were restored similar
to JE2 WT (Fig. 3.4), confirming the critical function of Lqo in survival under acid stress.
We argue that, in an acidic environment, lactate catabolism components Ldh1, Ldh2, and
Lqo not only utilize lactate as a carbon source for increased biomass, but also alleviate
lactic acid stress by consuming the anion lactate, to protect cells from weak acid-induced
cell death. To demonstrate this concept, growth assays were conducted with JE2 WT and
ldh1/ldh2/lqo mutant in CDM with or without 16 mM L-lactate (Fig. 3.5). It was observed
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Fig. 3.3. S. aureus lactate catabolism contributes to growth under acid stress.
Growth assays of three biological replicates of S. aureus JE2 WT, lqo::ΦΝΣ,
ldh1::kan/ldh2::erm, ldh1::kan/ldh2::erm/lqo::ΦΝΣ, ddh::ΦΝΣ, ddh2::ΦΝΣ, lctP::ΦΝΣ,
lldP::ΦΝΣ cultured in CDM at pH 7 (A), and CDM containing 16 mM sodium L-lactate
at pH 6 (B), 5 (C) and 4 (D) for 20 h. Every 30 minutes, culture optical density at 600
nm was measured using a Tecan reader. Culture starting pH values were adjusted with
HCl. At 20 h, culture supernatant lactate levels were measured for starting pH at 6 (E)
and 5 (F), expressed as percentage of CDM containing 16 mM sodium L-lactate blank
control. One sample was tested for each strain.
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Fig. 3. 4. Complementation of S. aureus JE2 lqo::ΦΝΣ.
Growth assays of three biological replicates of S. aureus JE2 WT, lqo::ΦΝΣ, lqo::ΦΝΣ
SaPI1 attC::pJC1111 (vector control), lqo::ΦΝΣ SaPI1 attC::pNF375 (complement) in
CDM with 16 mM sodium L-lactate at pH 7 (A), 6 (B), and 5 (C) for 20 h. Every 30 minutes,
culture optical density at 600 nm was measured using a Tecan reader.
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that at all the pH conditions, both strains had similar growth patterns in the absence of
lactate. However, the ldh1/ldh2/lqo mutant upon the addition of lactate at pH 7 resembled
the growth rate and growth yield of JE2 WT and the ldh1/ldh2/lqo mutant grown without
lactate (Fig. 3.5A). Therefore, the difference in growth yield between JE2 and the
ldh1/ldh2/lqo mutant in the presence of lactate was dependent on the contribution of
lactate as a carbon source. Indeed, a diauxic growth curve was noted in JE2 WT grown in
CDM containing lactate suggesting that S. aureus switches to lactate catabolism once the
glucogenic amino acids are catabolized (57). At pH 6, the triple mutant grown in CDM
containing lactate had a much slower growth rate than WT and the triple mutant grown in
CDM without lactate, although it reached a similar final growth yield (Fig. 3.5B). At pH 5,
the triple mutant almost completely failed to grow, with an extremely long lag phage and
a final OD of ~0.3 (Fig. 3.5C). These results indicate that the inability to catabolize lactate
renders S. aureus more sensitive to lactic acid stress. Therefore, we propose that in acidic
growth conditions, the active consumption of lactate enables S. aureus to acquire the
carbon source necessary for growth while at the same time to reduce the formation of
lactic acid which can enter the cytoplasm and lead to cell death.
As for the functional interrogation of S. aureus lactate catabolism in vivo, we
hypothesize that in acidic conditions, S. aureus takes advantage of self-produced lactate
as well as host-derived lactate to facilitate growth and prevent lactic acid stress. The first
reason is that S. aureus encounters low oxygen environments including biofilm growth (73)
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Fig. 3. 5. Loss of lactate catabolism function renders S. aureus more susceptible to
lactic acid stress.
Growth assays of three biological replicates of S. aureus JE2 WT and
ldh1::kan/ldh2::erm/lqo::ΦΝΣ cultured in CDM with or without 16 mM sodium L-lactate at
pH 7 (A), 6 (B), and 5 (C) for 20 h. Culture starting pH values were adjusted with HCl.
Every 30 minutes, culture optical density at 600 nm was measured using a Tecan reader.
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and host-derived anoxic environments (72). In those microaerobic and anaerobic
conditions, lactate is generated by S. aureus as a byproduct of fermentation (74). It would
be reasonable to believe that lactate catabolism provides a growth advantage
metabolically for S. aureus due to the conversion of lactate to pyruvate under aerobic
growth conditions, This allows S. aureus to use lactate and other carbon sources such as
peptides when glucose is not abundant and when under NO· stress (75, 76). Another
important source of lactate substrate is host cells in the niches that S. aureus colonizes.
In mammalian hosts, lactate is produced by various kinds of cells including skeletal muscle,
liver, kidney, cardiac muscle, spleen, and brain (71, 77, 78). Following generation, lactate
is secreted into the bloodstream, and the amount of lactate entering circulation every day
could be up to 1,500 mM in an adult (79). The kidney is considered a lactate-rich
environment which can potentially support S. aureus growth. Lactate is completely filtered
in the glomerulus and largely reabsorbed in the proximal tubule (80). In addition, lactate
is generated in the kidney medulla from glycolysis (81). Moreover, the kidney is a favorable
niche for S. aureus colonization as S. aureus is known to cause chronic infections in
mouse kidney (18, 82). In order to successfully colonize the kidney, S. aureus must
overcome the low pH present in the kidney (19, 83). Based on those reasons, we propose
that lactate catabolism is crucial for S. aureus virulence and survival during kidney
colonization. This concept is supported by a study where an lqo deletion mutant had
attenuated virulence in mouse kidney and liver (76). Further studies will include testing a
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mouse S. aureus bacteremia model to determine the virulence of the ldh1/ldh2/lqo mutant
in comparison to JE2 WT.
Conclusions
In this chapter, we have demonstrated that S. aureus lactate catabolism provides a
metabolic advantage which contributes to growth under acid stress, and Lqo is the major
component of lactate catabolism in facilitating growth in acidic conditions. We believe the
sources of lactate during in vivo S. aureus infections are derived from both bacteria and
host cells. Specifically, we would like to investigate the role of S. aureus lactate catabolism
in a chronic kidney infection model.
Finally, it is noteworthy that the urease genes were shown to be upregulated in the
presence of both strong and weak acid stress in almost all the transcriptional analyses in
S. aureus (10, 27, 31, 32). This observation captured our interest and facilitated our
exploration of the function of urease in S. aureus acid response system.
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Chapter 4: Urease is an essential component of the acid
response network of Staphylococcus aureus and is required for
a persistent murine kidney infection

The majority of the work in Chapter 4 has been published in Zhou C, Bhinderwala F,
Lehman MK, Thomas VC, Chaudhari SS, et al. (2019) Urease is an essential component
of the acid response network of Staphylococcus aureus and is required for a persistent
murine kidney infection. PLOS Pathogens 15(1): e1007538.
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Introduction
Bacterial pathogens often encounter acidic environments within host tissues and
employ several direct and indirect defense measures (24). Direct measures include the
utilization of proton pumps and generation of alkaline compounds such as ammonia to
neutralize pH. Indirect methods such as damage repair, biofilm formation, and metabolic
alterations, are utilized to rescue cell viability. Staphylococcus aureus is a leading cause
of opportunistic infections in community and health care settings (84, 85). S. aureus
resides in multiple acidic niches during colonization and infection of the human host that
include the surface of the skin and within abscesses (86-88). It is important to note that S.
aureus is sensitive to acetic acid stress when growing in the presence of excess glucose
(68). Weak acids such as acetic acid are unique in potentiating stationary phase cell death,
in that unlike strong acids that fully dissociate in water, the undissociated weak acids can
easily enter into the cytoplasm and reduce the intracellular pH by releasing protons.
Therefore, S. aureus must overcome different kinds of acid stress to maintain viability.
However, mechanisms of acid resistance in S. aureus are not well described. It has been
shown that sodA, which encodes a superoxide dismutase, is induced upon acid stress
and facilitates acid tolerance by alleviating the cell damage caused by reactive oxygen
species (50). In addition, a σB –dependent acid-adaptive response has been described
that facilitates S. aureus survival in media with a pH of 2 after pre-exposure to a sub-lethal
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pH of 4 (89). Based on global transcriptional studies, increased urease activity is thought
to be a major contributor to acid resistance in S. aureus (10, 31, 90, 91).
In humans, urea is produced in the liver via the urea cycle as a means to remove
excess nitrogen. Urea enters the bloodstream, becomes concentrated in the kidneys, and
is excreted during urination. The concentration of urea in the blood is normally 2.5-7.1 mM,
and it is found in other body fluids such as gastric acid, sweat, and saliva. The level of
urea in the saliva is 3-10 mM in healthy individuals but can reach 15 mM in patients with
renal diseases (92). Notably, the re-absorbance of urea from the collecting ducts makes
the interstitium of the kidney inner medulla a urea-rich environment.
Urease (EC: 3.5.1.5) is a nickel-dependent metalloenzyme that catalyzes the
hydrolysis of urea into ammonia (NH3) and carbon dioxide (CO2) (93-95). For some
bacterial species, urease is an integral part of the bacterial acid response network, as the
hydrolysis product ammonia is readily protonated into ammonium (NH4+), during which
process protons are consumed, resulting in an increase in pH (24). Urease is crucial for
niche adaptation of many bacterial pathogens. For example, urease is essential for the
survival of Helicobacter pylori in the stomach lining, where the pH can be as low as 2.5
(96). With a high affinity for urea, urease from H. pylori is required not only for the
establishment of infections but also for the maintenance of a chronic infection (97). Also,
Streptococcus salivarius produces urease to utilize salivary urea as a nitrogen source for
growth while resisting acid stress (98). Over 90% of S. aureus strains are urease-
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producing (99), which is encoded by the urease gene cluster ureABCEFGD. The α, β, and
γ subunits that comprise the apoenzyme are encoded by ureC, ureB, and ureA, whereas
ureEFGD genes encode accessory proteins. Previous studies have shown that urease
genes are highly transcribed during biofilm growth conditions (91, 100). However, the
function and utilization of urease in S. aureus have not been comprehensively studied.
In this work, we explored the in vitro and in vivo functions of urease in S. aureus. We
found that S. aureus primarily utilizes urease to facilitate pH homeostasis under weak
acidic stress, but it does not utilize urea as a nitrogen source under neutral pH. Lastly, our
data demonstrate that urease is essential for S. aureus to persist in mouse kidneys, where
a significant pH gradient exists and urea is an abundant nitrogen source.
Results
Urease rescues cell death potentiated by acetic acid via ammonia generation in the
presence of exogenous urea
Previous work has documented that aerobic growth of S. aureus in tryptic soy broth
(TSB) containing excess glucose (35-45 mM) impairs stationary phase survival of S.
aureus (68). Under these growth conditions, the acetate derived from glucose catabolism
is not consumed as a secondary carbon source, and the pH in the medium remains low,
which potentiates cell death. Based on those observations, we hypothesized that the
presence of urea in TSB containing 45 mM glucose would rescue cell death due to
ammonia generation via urease activity. To test this hypothesis, we performed a growth
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assay in which JE2 wildtype (WT) and JE2 ureB::ΦΝΣ (ureB) were aerobically cultured in
TSB containing 45 mM glucose with or without 10 mM urea. Over the period of 120 h,
colony forming units (CFU/ml) and extracellular pH were monitored every 24 h. In addition,
culture supernatant was analyzed to measure glucose, acetate, urea, and ammonia
concentrations. In the absence of urea supplementation, both WT and the ureB mutant
showed a drastic decrease in cell viability (~9 log10 difference) while maintaining an acidic
extracellular pH (~4.8) (Figs. 4.1A and 4.1B). However, we observed a urease-dependent
increase in viability (~8 log10 difference) and medium pH (~4 pH unit difference) in the
presence of exogenous urea (Figs. 4.1A and 4.1B). Both pH and viability phenotypes of
the ureB mutant were complementable by integrating ureABCEFGD into the chromosomal
SaPI1 attC site (Fig. 4.2). Glucose in the medium was depleted by 24 h for both WT and
the ureB mutant either with or without urea supplementation (Fig. 4.1C). However, only
WT grown in TSB supplemented with 10 mM urea consumed acetate (Fig. 4.1D). Lastly,
we observed a urease-dependent consumption of urea coincident with the generation of
20 mM NH3 (Figs. 4.1E and 4.1F). Thus, these results suggested that the S. aureus urease
functions as part of an acid response network to facilitate pH homeostasis in the presence
of urea. Weak acids and subsequent intracellular acidification have been previously shown
to generate endogenous reactive oxygen species and potentiate cell death (101). Thus,
to evaluate the physiological status of WT and the ureB mutant in the above growth assay,
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Fig. 4. 1. Urease rescues cell death potentiated by acetic acid via ammonia
generation in the presence of exogenous urea.
Three biological replicates of S. aureus JE2 WT and JE2 ureB::ΦΝΣ were cultured in TSB
containing 45 mM glucose with and without 10 mM urea over 5 days. Every 24 h, (A) cell
viability (CFU/ml), (B) extracellular pH, (C) extracellular glucose levels (mM), (D)
extracellular acetate levels (mM), (E) extracellular urea levels (mM), and (F) extracellular
ammonia levels (mM) were monitored and plotted with mean ± standard error of the mean
[SEM]). Statistical significance was assessed using two-way repeated measures ANOVA,
followed by Bonferroni post-test compared to WT + urea in (A), (B), (D), (F), and to ureB
+ urea in (E) at each timepoint; *** P < 0.001.
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Fig. 4. 2. Complementation of JE2 ureB::ΦΝΣ mutant.
(A) Cell viabilities (CFU/ml) and (B) pH of JE2, JE2 SaPI1 attC::pJC1111 (vector
control), JE2 SaPI1 attC::pNF363 (complement), JE2 ureB::ΦΝΣ, JE2 ureB::ΦΝΣ
SaPI1 attC::pJC1111, JE2 ureB::ΦΝΣ SaPI1 attC::pNF363 were monitored every
24 h over 5 days in TSB containing 45 mM glucose and 10 mM urea (n = 3/strain,
mean ± SEM). Starter cultures were grown overnight in TSB containing 14mM
glucose and 10mM urea. Statistical significance was assessed using two-way
repeated measures ANOVA followed by Bonferroni post-test compared to JE2 at
each timepoint; *** P < 0.001.
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flow cytometry was performed to assess cellular respiration using 5-cyano-2,3-ditolyl
tetrazolium chloride (CTC) staining and reactive oxygen species (ROS) levels with 3-(phydroxyphenyl) fluorescein (HPF) staining. The results confirmed that urease-mediated
pH homeostasis rescued cellular respiration and protects cells from endogenous ROS
under weak acid stress in the presence of urea at 72 h of growth when viability differences
are evident (Fig. 4.1A and Figs. 4.3C and 4.3D). It is important to note that in TSB the
concentration of arginine, which can be catabolized to generate NH3 via arginase/urease,
nitric oxide synthase (NOS), or two separate arginine deiminase (ADI) systems (Fig. 4.4A),
is not sufficient to rescue the survival of JE2 in this assay. Therefore, we repeated the
assay with excess arginine (5 mM) in TSB containing 45 mM glucose. As a result, excess
arginine was unable to rescue viability of JE2 to the same extent as urea, although we did
observe an arginine deiminase-dependent increase in viability (~2 log10) (Figs. 4.5A and
4.5B). Collectively, these data suggest that urea derived from arginine via RocF and
subsequent urease activity is not functional in this assay. However, Staphylococcus
epidermidis catabolized either arginine (Figs. 4.5C and 4.5D) (45) or urea (Figs. 4.5E and
4.5F) to rescue growth under weak acid stress.
Urease transcription is induced by weak acid stress and regulated by CcpA, Agr, and CodY
To further investigate the transcriptional regulation of the ure operon, a lacZ reporter
plasmid pNF315 was generated in which the promoter of ure was fused to the
promoterless lacZ gene and transduced into JE2. The previous experiments (Fig. 4.1)
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Fig. 4. 3. Urease rescues cellular respiration and prevents reactive oxygen
species production under weak acid stress in the presence of exogenous
urea.
(A)-(D) JE2 WT and JE2 ureB::ΦΝΣ were cultured in TSB containing 45 mM glucose
with and without 10 mM urea. Flow cytometry density plots of cells collected at 24 h
and 72 h, and double stained with HPF and CTC. Data shown are a representative
of 3 biological replicates. (A) 24 h, CTC staining. (B) 24 h, HPF staining. (C) 72 h,
CTC staining. (D) 72 h, HPF staining. CTC accumulates in the actively respiring cells,
and HPF is indicative of ROS production.
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Fig. 4. 4. Endogenous urea is not utilized as a nitrogen source.
(A) S. aureus arginine catabolism and nitrogen flow (nos encodes nitric oxide
synthase, arcA1/arcA2 encodes arginine deiminases, rocF encodes arginase,
ureABCEFGD encodes urease, and glnA encodes glutamine synthetase). (B) JE2
WT was cultured in CDM containing 15N-serine whereas both JE2 WT and JE2 Δure
were cultured in CDM containing 15N-arginine. The intracellular 15N-glutamine levels
were measured by NMR (n = 5/strain, mean ± SEM). Statistical significance was
assessed using one-way ANOVA followed by Tukey's post-test; * P < 0.05; *** P <
0.001; ns, not significant. (C) WT and Δure were cultured in CDM with 15N-arginine,
and the extracellular 15N-urea levels were measured by NMR (n = 5/strain, mean ±
SEM).
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Fig. 4. 5. Different than S. epidermidis, S. aureus arginine deiminase is less active
than urease in rescuing cell death under weak acid stress.
(A) and (B) Five-day growth assay of S. aureus JE2 WT and JE2 arcA1::kan/arcA2::
ΦΝΣ in TSB containing 45 mM glucose with and without 5 mM arginine. Every 24 h, (A)
cell viability (CFU/ml) and (B) extracellular pH were monitored (n = 3, mean ± SEM).
(C) and (D) Five-day growth assay of S. epidermidis 1457 WT in TSB containing 35 mM
glucose with and without 5 mM arginine. Every 24 h, (C) cell viability (CFU/ml) and (D)
extracellular pH were monitored (n = 3, mean ± SEM). Statistical significance was
assessed using two-way repeated measures ANOVA followed by Bonferroni post-test;
* P < 0.05, *** P < 0.001. (E) and (F) Five-day growth assay of S. epidermidis 1457 WT
in TSB containing 35 mM glucose with and without 5 mM urea. Every 24 h, (E) cell
viability (CFU/ml) and (F) extracellular pH were monitored (n = 3, mean ± SEM).
Statistical significance was assessed using two-way repeated measures ANOVA
followed by Bonferroni post-test; * P < 0.05.
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Fig. 4. 5. Different than S. epidermidis, S. aureus arginine deiminase is less
active than urease in rescuing cell death under weak acid stress.
(A) and (B) Five-day growth assay of S. aureus JE2 WT and JE2 arcA1::kan/arcA2::
ΦΝΣ in TSB containing 45 mM glucose with and without 5 mM arginine. Every 24 h,
(A) cell viability (CFU/ml) and (B) extracellular pH were monitored (n = 3, mean ±
SEM). (C) and (D) Five-day growth assay of S. epidermidis 1457 WT in TSB
containing 35 mM glucose with and without 5 mM arginine. Every 24 h, (C) cell
viability (CFU/ml) and (D) extracellular pH were monitored (n = 3, mean ± SEM).
Statistical significance was assessed using two-way repeated measures ANOVA
followed by Bonferroni post-test; * P < 0.05, *** P < 0.001. (E) and (F) Five-day
growth assay of S. epidermidis 1457 WT in TSB containing 35 mM glucose with and
without 5 mM urea. Every 24 h, (E) cell viability (CFU/ml) and (F) extracellular pH
were monitored (n = 3, mean ± SEM). Statistical significance was assessed using
two-way repeated measures ANOVA followed by Bonferroni post-test; * P < 0.05.
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suggested that ure transcription or urease function is induced under weak acid stress (31).
Indeed, as the pH decreased due to the accumulation of acetate, ure transcription was
induced 3.3-fold at 6 h comparing to 2 h, in TSB containing 45 mM glucose with or without
10 mM urea (Figs. 4.6A-C). When the media were buffered to a pH of 7.25 with 100 mM
3-(N-morpholino) propanesulfonic acid (MOPS), the transcription of ure was significantly
inhibited regardless of urea supplementation (Fig. 4.6A). These results indicate that the
transcription of urease genes is induced by weak acid stress. Multiple global
transcriptional studies have suggested that the accessory gene regulator (Agr) quorum
sensing system, as well as global regulators CcpA and CodY, function to regulate the
transcription of the urease operon (102-104). To assess these relationships in our model,
JE2 WT, ΔccpA::tetL (ΔccpA), Δagr::tetM (Δagr), and ΔcodY::ermB (ΔcodY) each
containing pNF315 were grown aerobically in TSB containing 45 mM glucose and 10 mM
urea. -galactosidase activity assays were performed with cell lysate collected during
early- (2 h), mid- (6 h), and post- (10 h) exponential phases of growth. The transcription of
the ure operon was significantly decreased in ΔccpA/pNF315 (6 h) and Δagr/pNF315 (6
and 10 h), and significantly increased in ΔcodY/pNF315 at 6 and 10 h (Fig. 4.6D),
indicating that the transcription of ure genes is activated by CcpA and Agr and negatively
regulated by CodY. However, it is unclear if ure transcriptional regulation by CcpA, Agr, or
CodY is via direct or indirect regulation. To corroborate the effects of these regulators on
urease activity, JE2 WT, Δure, ΔccpA, Δagr and ΔcodY were grown in TSB containing 45
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Fig. 4. 6. Urease transcription is induced by weak acid stress and regulated by
CcpA, Agr, and CodY.
(A)-(C) JE2/pNF315 was cultured in TSB containing 45 mM glucose alone (control),
buffered with 100 mM MOPS (+ MOPS), supplemented with 10 mM urea (+ urea), or
both (+ MOPS + urea). (A) -galactosidase assays of samples collected at 2 and 6
h. Miller units were normalized with the protein concentrations (n = 3/strain, mean ±
SEM). (B) pH and (C) extracellular acetate concentrations were measured at 2 and
6 h (n = 3/strain, mean ± SEM). Statistical significance was assessed using two-way
repeated measures ANOVA; * P <.05, ** P <.01, *** P < 0.001. (D)-(F) JE2/pNF315,
JE2 ΔccpA/pNF315, JE2 Δagr/pNF315, and JE2 ΔcodY/pNF315 were cultured in
TSB containing 45 mM glucose and 10 mM urea. (D) -galactosidase assays of cells
collected at 2, 6, and 10 h. Miller units were normalized with the protein
concentrations (n = 3/strain, mean ± SEM). (E) pH and (F) extracellular acetate
concentrations were measured at 0-12 h (n = 3/strain, mean ± SEM). Statistical
significance was assessed using two-way ANOVA followed by Bonferroni post-test
compared to JE2/pNF315 at each timepoint; *** P < 0.001. (G) and (H) Growth assay
of JE2 WT, JE2 Δure, JE2 ΔccpA, JE2 Δagr, and JE2 ΔcodY in TSB containing 45
mM glucose and 10 mM urea. (G) Viability (CFU/ml) and (H) pH was monitored every
24 h (n = 3/strain, mean ± SEM). Statistical significance was assessed using twoway ANOVA followed by Bonferroni post-test compared to JE2 WT at each timepoint;
*** P < 0.001.
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mM glucose and 10 mM urea for 120 h (Figs. 4.6E-H). As expected, based on the
transcriptional analysis, ΔcodY essentially phenocopied WT with regards to pH, acetate
production and viability (Figs. 4.6E-H). Since Δagr displayed reduced ure transcription, it
was predicted that the viability would be significantly reduced in the 120-h growth assay.
Indeed, the extracellular pH of Δagr was significantly different from WT by 6 h of growth
(Fig. 4.6E) and remained at 5.1 from 24-120 h similar to Δure (Fig. 4.6H). Further, in
comparison to JE2 WT, the viability of Δagr decreased ~6 log10 to ~102 CFU/ml at 120 h
similar to Δure (Fig. 4.6G). Lastly, based on Fig. 4.6D and the β-galactosidase activity
assay documenting a decrease in ure transcription, we would expect the ΔccpA mutant to
have decreased viability similar to Δagr and Δure. However, we found that the pH was
significantly higher than WT/ ΔcodY from 6-12 h of growth (Fig. 4.6E). In addition, it
produced less extracellular acetate than WT (Fig. 4.6F), presumably due to the
consumption of acetyl-CoA via the TCA cycle as CcpA represses TCA cycle activity (105107). Further, it survived as well as WT, and the pH remained alkaline over the entire 120
h (Figs. 4.6G-H).
Loss of ccpA promotes survival under weak acid stress
Based on our previous work documenting the function of CcpA in repressing amino
acid catabolism (55), we hypothesized that the survival of the ΔccpA mutant in the above
growth assay was urease-independent due to derepression of amino acid catabolism and
subsequent generation of ammonia. Previous investigations have documented that in the
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Fig. 4. 6. Urease transcription is induced by weak acid stress and regulated
by CcpA, Agr, and CodY.
(A)-(C) JE2/pNF315 was cultured in TSB containing 45 mM glucose alone
(control), buffered with 100 mM MOPS (+ MOPS), supplemented with 10 mM urea
(+ urea), or both (+ MOPS + urea). (A) -galactosidase assays of samples
collected at 2 and 6 h. Miller units were normalized with the protein concentrations
(n = 3/strain, mean ± SEM). (B) pH and (C) extracellular acetate concentrations
were measured at 2 and 6 h (n = 3/strain, mean ± SEM). Statistical significance
was assessed using two-way repeated measures ANOVA; * P <.05, ** P <.01,
*** P < 0.001. (D)-(F) JE2/pNF315, JE2 ΔccpA/pNF315, JE2 Δagr/pNF315, and
JE2 ΔcodY/pNF315 were cultured in TSB containing 45 mM glucose and 10 mM
urea. (D) -galactosidase assays of cells collected at 2, 6, and 10 h. Miller units
were normalized with the protein concentrations (n = 3/strain, mean ± SEM). (E)
pH and (F) extracellular acetate concentrations were measured at 0-12 h (n
= 3/strain, mean ± SEM). Statistical significance was assessed using two-way
ANOVA followed by Bonferroni post-test compared to JE2/pNF315 at each
timepoint; *** P < 0.001. (G) and (H) Growth assay of JE2 WT, JE2 Δure, JE2
ΔccpA, JE2 Δagr, and JE2 ΔcodY in TSB containing 45 mM glucose and 10 mM
urea. (G) Viability (CFU/ml) and (H) pH was monitored every 24 h (n = 3/strain,
mean ± SEM). Statistical significance was assessed using two-way ANOVA
followed by Bonferroni post-test compared to JE2 WT at each timepoint; *** P <
0.001.
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Fig. 4. 6. Urease transcription is induced by weak acid stress and regulated
by CcpA, Agr, and CodY.
(A)-(C) JE2/pNF315 was cultured in TSB containing 45 mM glucose alone
(control), buffered with 100 mM MOPS (+ MOPS), supplemented with 10 mM urea
(+ urea), or both (+ MOPS + urea). (A) -galactosidase assays of samples
collected at 2 and 6 h. Miller units were normalized with the protein concentrations
(n = 3/strain, mean ± SEM). (B) pH and (C) extracellular acetate concentrations
were measured at 2 and 6 h (n = 3/strain, mean ± SEM). Statistical significance
was assessed using two-way repeated measures ANOVA; * P <.05, ** P <.01,
*** P < 0.001. (D)-(F) JE2/pNF315, JE2 ΔccpA/pNF315, JE2 Δagr/pNF315, and
JE2 ΔcodY/pNF315 were cultured in TSB containing 45 mM glucose and 10 mM
urea. (D) -galactosidase assays of cells collected at 2, 6, and 10 h. Miller units
were normalized with the protein concentrations (n = 3/strain, mean ± SEM). (E)
pH and (F) extracellular acetate concentrations were measured at 0-12 h (n
= 3/strain, mean ± SEM). Statistical significance was assessed using two-way
ANOVA followed by Bonferroni post-test compared to JE2/pNF315 at each
timepoint; *** P < 0.001. (G) and (H) Growth assay of JE2 WT, JE2 Δure, JE2
ΔccpA, JE2 Δagr, and JE2 ΔcodY in TSB containing 45 mM glucose and 10 mM
urea. (G) Viability (CFU/ml) and (H) pH was monitored every 24 h (n = 3/strain,
mean ± SEM). Statistical significance was assessed using two-way ANOVA
followed by Bonferroni post-test compared to JE2 WT at each timepoint; *** P <
0.001.
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presence of a preferred carbon source such as glucose, CcpA represses amino acid
catabolic genes including gudB (encoding glutamate dehydrogenase), rocF (encoding
arginase), putA (encoding proline dehydrogenase), and arcA1/arcA2 (encoding arginine
deiminases) (45, 55, 57, 102, 108), all of which produce ammonia as a byproduct. To
determine whether the survival of ΔccpA was dependent upon urease or catabolism of a
particular amino acid, a growth assay was performed in which JE2 WT, ΔccpA,
ΔccpA/gudB::ΦΝΣ, ΔccpA/Δure, ΔccpA/putA::ΦΝΣ, and ΔccpA/arcA1::kan/arcA2::ΦΝΣ
were cultured in TSB containing 45 mM glucose. In the absence of urea, JE2 WT was
unable to survive, presumably due to a dramatic decrease in pH observed over the 120 h
experimental timeframe (Figs. 4.7A and 4.7B). However, ΔccpA/gudB::ΦΝΣ, ΔccpA/Δure,
ΔccpA/putA::ΦΝΣ, ΔccpA/arcA1::kan/arcA2::ΦΝΣ all phenocopied ΔccpA, suggesting
that it was not the catabolism of one specific amino acid that was responsible for cell
survival in this assay (Figs. 4.7A and 4.7B). These data led to the hypothesis that the
derepression of overall amino acid catabolism provides the ΔccpA mutant a growth
advantage. To address this hypothesis, JE2 WT and ΔccpA were grown in TSB containing
45 mM glucose. As expected, the ΔccpA mutant generated significantly more ammonia
and the extracellular acetate was eventually consumed by ΔccpA compared to JE2 WT
(Fig. 4.7C). Amino acid analysis of the same supernatant demonstrated that the ΔccpA
mutant consumed histidine, aspartate, proline, glutamate, alanine, and arginine at a faster
rate than WT (Figs. 4.7D-H). Taken together, these data suggest that the absence of CcpA
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Fig. 4. 7. Loss of ccpA promotes survival under weak acid stress.
(A) and (B) Five-day growth assay of JE2 WT, JE2 ΔccpA, JE2 ΔccpA/gudB::ΦΝΣ,
JE2 ΔccpA/Δure, JE2 ΔccpA/rocF::ΦΝΣ, JE2 ΔccpA/putA::ΦΝΣ, and JE2
ΔccpA/arcA1::kan/arcA2::ΦΝΣ, cultured in TSB containing 45 mM glucose. (A)
Viability (CFU/ml) and (B) pH was monitored every 24 h (n = 3/strain, mean ± SEM).
Statistical significance was assessed using two-way repeated measures ANOVA
followed by Bonferroni post-test compared to JE2 WT at each timepoint; ** P < 0.01,
*** P < 0.001. (C)-(H) Growth assay of JE2 WT and JE2 ΔccpA cultured in TSB
containing 45 mM glucose over 30 h. (C) Extracellular ammonia and acetate levels
were measured at 0, 3, 6, 9, 12, 24, and 30 h (n = 3/strain, mean ± SEM). Statistical
significance was assessed using two-way ANOVA, followed by Bonferroni post-test;
*** P < 0.001. (D)-(H) Amino acid analysis was performed with culture supernatants
of both strains at 0, 3, 6, 9, and 12 h to determine the free amino acid concentrations
(ng/μl). Amino acid analysis experiments performed with one replicate.
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Fig. 4. 7. Loss of ccpA promotes survival under weak acid stress.
(A) and (B) Five-day growth assay of JE2 WT, JE2 ΔccpA, JE2
ΔccpA/gudB::ΦΝΣ,
JE2
ΔccpA/Δure,
JE2
ΔccpA/rocF::ΦΝΣ,
JE2
ΔccpA/putA::ΦΝΣ, and JE2 ΔccpA/arcA1::kan/arcA2::ΦΝΣ, cultured in TSB
containing 45 mM glucose. (A) Viability (CFU/ml) and (B) pH was monitored every
24 h (n = 3/strain, mean ± SEM). Statistical significance was assessed using twoway repeated measures ANOVA followed by Bonferroni post-test compared to
JE2 WT at each timepoint; ** P < 0.01, *** P < 0.001. (C)-(H) Growth assay of JE2
WT and JE2 ΔccpA cultured in TSB containing 45 mM glucose over 30 h. (C)
Extracellular ammonia and acetate levels were measured at 0, 3, 6, 9, 12, 24, and
30 h (n = 3/strain, mean ± SEM). Statistical significance was assessed using twoway ANOVA, followed by Bonferroni post-test; *** P < 0.001. (D)-(H) Amino acid
analysis was performed with culture supernatants of both strains at 0, 3, 6, 9, and
12 h to determine the free amino acid concentrations (ng/μl). Amino acid analysis
experiments performed with one replicate. WT is represented by solid lines and
the ccpA mutant is represented by dotted lines.
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in S. aureus facilitates survival in the presence of excess glucose due to decreased
acetate generation and increased ammonia generation by amino acid catabolism of
multiple amino acids.
Endogenous urea is not utilized as a nitrogen source under non-acidic conditions
In previous experiments using TSB containing 45mM glucose, catabolism of arginine
in the media was repressed by CcpA (Fig. 4.7H). Therefore, we were unable to determine
the potential function, if any, of endogenously derived urea. Further, it is unclear if urease
is active at neutral pH and generates NH3 for use in nitrogen metabolism. To determine if
urease is functional in media where arginine is rapidly catabolized thus generating urea
from arginine via arginase (RocF), we grew JE2 in buffered chemically defined medium
(CDM) lacking glucose (108, 109). CDM is a defined medium that lacks glucose but
contains 18 amino acids (62), buffered at pH 7.5. We reasoned that if urease catalyzes
the reaction generating NH3 from urea, the ammonia would be actively utilized by
glutamine synthetase to synthesize glutamine from glutamate (Fig. 4.4A). Both glutamine
and glutamate are major amino donors for cellular reactions (110). Therefore, JE2 WT and
the ureABCEFGD deletion mutant (Δure) were grown aerobically in CDM containing 0.1
g/L

15

N-arginine (guanidino-labeled only) and cells were harvested at 7 h, at which time

both supernatant and intracellular components were assessed by nuclear magnetic
resonance (NMR) to detect 15N-glutamine (66). Since the ammonia generated from amino
acid catabolism is also utilized for glutamine synthetase, the rapidly catabolized serine
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was labeled with

15

N as a control (57). It was detected that 17 times more

was produced when

15

N-serine was added to CDM than when

small amount of detected

15

N-glutamine

15

N-arginine was added

(Fig. 4.4B). In addition, no difference was noted when comparing the
detected from WT or Δure when grown in CDM containing

15

15

N-glutamine

15

N-arginine. Therefore, the

N-glutamine was derived from ADI or NOS-generated

15

NH3

(Fig. 4.4B). However, in CDM containing 15N-labeled arginine, significant 15N-labeled urea
was detected extracellularly in both WT and Δure (Fig. 4.4C), indicating that the nitrogen
from arginine catabolism does not enter the intracellular nitrogen pool, but is rather
excreted as urea under neutral pH.
Urease is essential for the persistence of S. aureus during a mouse chronic renal infection
Our data demonstrated that urease facilitates pH homeostasis and cell survival in
vitro under weak acid stress in the presence of urea. However, it is unclear if urease
functions to facilitate staphylococcal colonization or virulence. One niche where urease
may be important is the host skin, where S. aureus resides within hair follicles and sweat
glands (111). Moreover, it is known that human sweat contains 22.2 mM urea (112) and
the pH of human skin is ~4 to ~6 (113). However, animal models of S. aureus skin
colonization are difficult to replicate since mice and other rodents do not sweat. Therefore,
we reasoned that another host niche where urease might be required was in the
colonization of the kidney, which has a low tissue pH and a relatively high concentration
of urea. In addition, it is well known that S. aureus causes chronic kidney infections in mice
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and thus the kidney provides a nidus for subsequent staphylococcal metastasis (Fig. 4.8)
(18). To test this hypothesis, we used a mouse bacteremia model in which C57BL/6 mice
were retro-orbitally injected with JE2 WT and Δure. On days 8, 12 and 19 post-infection,
the bacterial burden in the kidney was determined (Fig. 4.9). Although no difference
between WT and Δure was noted on day 8 (Fig. 4.9A), kidneys infected with Δure had
significantly lower bacterial burden on days 12 and 19, with more kidneys below the limit
of detection infection compared to WT (Figs. 4.9B and 4.9C), indicating that urease
contributes to the persistence of S. aureus during a mouse chronic kidney infection. To
determine if the host immune response differed between mice infected with either WT or
Δure, leukocyte populations were assessed from infected kidneys on day 8, an interval
where bacterial burdens were equivalent, to prevent bias from animals that had cleared
the infection. However, no significant differences were noted between these two groups
(Fig. 4.10) suggesting the absence of ure did not skew the immune response to facilitate
enhanced clearance. Since the phagolysosomes are acidic in pH, urease activity may be
induced for acid resistance and survival of S. aureus (21). Indeed, anti-inflammatory
macrophages, which are prevalent during late stages of S. aureus infection, produce urea
via arginase-1 (114). To determine whether urease contributes to the phagolysosome
survival, gentamicin protection assays were performed to compare the viability of WT and
the Δure mutant in C57BL/6 macrophages (Fig. 4.11A). Overall no significant difference
was observed in the presence or absence of urea between these two strains. In addition,
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Fig. 4. 8. S. aureus JE2 WT persists in murine kidneys over time.
(A)-(D) S. aureus murine bacteremia model, male and female C57BL/6 mice were
infected with JE2 WT. On day 2 (number of mice: n=8), day 5 (number of mice: n=9),
day 8 (number of mice: n=6), day 12 (number of mice: n=8), and day 19 (number of
mice: n=7) post-inoculation, heart (A), liver (B), spleen (C), and kidneys (D) were
harvested. Bacterial burdens were calculated as Log10 (CFU/g of tissue +1) and
plotted with medians.
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Fig. 4. 9. Urease is essential for the persistence of S. aureus during a murine
chronic renal infection.
(A)-(C) S. aureus murine bacterial model, male and female C57BL/6 mice were
infected with JE2 WT and JE2 Δure. (A) On day 8 (number of mice: WT, n = 30; Δure,
n = 24), (B) day 12 (number of mice: WT, n = 31; Δure, n = 23), (C) day 19 (number
of mice: WT, n = 16; Δure, n = 14) post-inoculation, bacterial burdens of were
calculated as Log10 (CFU/g of tissue +1) and plotted with medians. Statistical
significance was assessed using Mann- Whitney test; ** P < 0.01, *** P < 0.001; ns,
not significant. Note that 31 out of 204 mice total died due to the infection but were
not further assessed in the analyses.
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Fig. 4. 10. S. aureus urease does not influence infiltrating leukocyte
populations during renal infection.
Infiltrating leukocyte populations from day 8 kidneys isolated from animals infected
with S. aureus JE2 WT or JE2 Δure were evaluated by flow cytometry. Leukocyte
populations were reported as a percentage of total CD45+ leukocytes (mean ± SEM).
(A)
MDSCs
(Ly6GhighLy6C+CD11bhighF4/80-)
(B)
Neutrophils
high
+
low
+
+
(Ly6G Ly6C CD11b F4/80 ) (C) Monocytes (Ly6G Ly6C CD11b F4/80-) (D)
Macrophages (Ly6G-Ly6C-CD11b+F4/80+) (E) T cells (CD3+) (F) CD4+ T cells
(CD3+TCR-CD4+CD8-) (G) CD8+ T cells (CD3+TCR-CD4-CD8+) (H)  T cells
(CD3+TCR+CD4-CD8-). Statistical significance was assessed using the MannWhitney test; ns, not significant.
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Fig. 4. 11. S. aureus urease does not facilitate intracellular survival within
mouse macrophages or neutrophils.
S. aureus JE2 WT or JE2 Δure intracellular viability was evaluated via gentamicin
protection assay in the presence and absence of 10 mM urea. Macrophages and
neutrophils were isolated from C57BL/6 mice. (A) Bacterial burden within
macrophages was measured after 0, 3, 6, 12, 24, 48, and 72 h after phagocytosis
(CFU/50,000 macrophages). (B) Bacterial burden within neutrophils was measured
after 0, 2, 4, and 24 h after phagocytosis (CFU/50,000 neutrophils). Limit of detection:
10 CFU/50,000 macrophages/neutrophils.
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the ability of WT and the Δure mutant to survive within mouse neutrophils was assessed
(Fig. 4.11B). The Δure mutant had similar CFU per 50,000 neutrophils to WT no matter
urea was provided or not. These results suggest that in the tested conditions, S. aureus
urease does not facilitate intracellular survival within mouse macrophages and neutrophils.
Discussion
Acid stress, along with other environmental risk factors such as extreme
temperatures, osmotic pressure, and nutrient depletion, is challenging for bacterial
survival (115). Accordingly, a variety of strategies are utilized to resist low pH which also
contribute to bacterial virulence (24). In Escherichia coli, four main acid resistance
systems (ARs) have been described: the oxidative system AR1, the glutamate-dependent
AR2, the arginine-dependent AR3, and the lysine-dependent AR4 (23). The amino aciddependent ARs are composed of a decarboxylase which consumes protons, and an inner
membrane antiporter which imports the decarboxylase substrate while exporting the
product. Bacillus cereus activates not only the general stress response genes via σB but
also proton transporters and amino acid decarboxylases, as well as the ADI system that
produces ammonia (116). H. pylori is known for the ability to proliferate in extremely low
pH environments such as the host gastric acid (117, 118). In addition to amino acid
catabolism, enhanced urease activity sustains favorable intracellular pH by generating
ammonia (96, 118-121). Mycobacterium tuberculosis resists acid stress through nitrogen
assimilation from asparagine hydrolysis (122), as well as urea hydrolysis (123). However,
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there is little known about acid resistance in S. aureus although it proliferates in multiple
mildly acidic niches of the human host.
In the aerobic growth assay of S. aureus cultured in TSB containing 45 mM glucose,
the acetate produced via glucose catabolism is excreted into the growth medium (Fig.
4.1D). When the extracellular pH of the growth medium reaches the pKa of acetic acid
(4.8), acetate becomes protonated and is able to traverse the cell membrane and release
the proton in the near neutral pH of the cytoplasm. The drop in intracellular pH potentiates
cell death in S. aureus by intracellular acidification and ROS generation (68). We
documented that in the presence of urea, urease functions to facilitate pH homeostasis in
a weak acid environment through the generation of ammonia that inhibits the acetatedependent intracellular acidification (Figs 4.1E and 4.1F) (101). In addition, it was
confirmed that the urease activity and subsequent NH3 generation rescued cellular
respiration and prevented endogenous ROS generation (Fig. 4.3). The ammonia
generated facilitated acetate consumption through acetyl-CoA synthetase and the TCA
cycle for subsequent cell growth. Collectively, these data suggest that urease is a
significant component of the acid response network of S. aureus in the presence of urea.
Many gram-positive species, including S. epidermidis, utilize arginine catabolism as
a rapid mechanism to generate ammonia during acidic pH stress (45, 124). The pathway
most utilized is the ADI pathway yielding ammonia, ornithine, and ATP. However, in
contrast to S. epidermidis (45) (Figs 4.5C and 4.5D), excess arginine was unable to
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significantly rescue S. aureus during weak acid stress suggesting that ammonia
generating pathways via arginine are not significantly active in our aerobic assay
containing glucose (Figs. 4.5A and 4.5B). These results agree with a previous report
documenting that the ADI pathway genes are not significantly induced under weak acid
stress in S. aureus (31). In this work we also confirmed that in S. epidermidis 1457,
additional arginine and urea provided a growth advantage under weak acid stress (Figs.
4.5C and 4.5E), suggesting that both ADI and urease are active in S. epidermidis. This
result is consistent with another study documenting the differential transcriptional
response following sapienic acid stress in S. epidermidis and S. aureus (125). Under these
growth conditions, S. aureus upregulates urease whereas S. epidermidis upregulates ADI,
the NreABC nitrogen regulation system, in addition to the nitrate and nitrite reduction
pathways. The lack of NH3 generation via arginine catabolism in S. aureus is not
unexpected as catabolism of arginine via RocF is under the control of carbon catabolite
repression and CcpA (55, 57). Our results suggest that when S. aureus is growing in the
presence of glucose or another preferred carbon source, urease must utilize exogenous
urea to facilitate pH homeostasis. Previous results from our laboratory demonstrated that
when S. aureus grows in a defined medium lacking glucose, arginine is catabolized via
RocF generating ornithine and urea (57). Thus, we wanted to determine if urease was
active under growth conditions where urea was generated via arginine catabolism and the
medium was not acidic. These NMR experiments suggested that under neutral growth
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conditions, little ammonia from urea is detected (via detection of

15

N-labeled glutamine).

In fact, the majority of urea was detected in the culture medium as it is excreted, and is
potentially used as a nitrogen storage molecule. Indeed, we found that a ccpA mutant
grown in TSB lacking urea was able to survive weak acid stress via derepression of global
amino acid catabolism. This observation suggests that when S. aureus is growing in acidic
environments where peptide and amino acids are the major carbon source, arginine
catabolism and urease activity is not required to facilitate pH homeostasis, which is due
to rapid catabolism of amino acids and subsequent NH3 release.
Previous transcriptional analyses have suggested that ureABCEFGD is upregulated
upon acid stress (10, 31, 32). In the current study, we confirmed via β-galactosidase
assays that the transcription of the ure genes was inhibited when the medium was buffered
to a pH of 7.25 with MOPS (Fig. 4.4A). Moreover, we found that the transcription of the
urease genes was activated by CcpA and Agr, while inhibited by CodY (Fig. 4.4B). The
regulation of urease transcription by CcpA is supported by the putative cataboliteresponsive element (cre) site identified 139 base pairs upstream of the ureA start codon
(102). Also, CcpA activation of ure transcription agrees with a previous finding that S.
aureus urease, as a part of the CcpA regulon, has higher transcription as well as enzymatic
activity in WT as compared to a ΔccpA mutant (102). The significant decrease in ure gene
transcription in the Δagr mutant that we observed is consistent with the transcriptional
array data documenting that urease genes are upregulated by Agr (103). The involvement
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of the urease genes in the Agr regulon strengthens the link between urease activity and
virulence in S. aureus. Importantly, phagosomal acidification induces Agr activity, which is
essential for S. aureus survival inside macrophages (126). Under this circumstance, Agr
may upregulate urease to counter acidic pH in coordination with enhanced virulence.
CodY is also a global regulator that controls the expression of a variety of genes in grampositive bacteria (127). In particular, CodY senses the level of branched-chain amino acids
and intracellular GTP and controls the transcription of many metabolic genes that are
involved in amino acid synthesis, TCA cycle, and carbon overflow metabolism (128). Our
results agreed with previous reports that CodY represses urease gene transcription in
Bacillus subtilis (129, 130) and S. salivarius (104). Although urease genes are not the
direct targets of CodY in S. aureus UAMS-1 (131), it is possible that CodY negatively
regulates urease gene transcription through repressing Agr, since the agrA gene encoding
the Agr response regulator is upregulated in the UAMS-1 ΔcodY mutant (131). More indepth future studies are required regarding the regulation of urease, as other
transcriptional regulators such as Sae (132, 133), ClpP (134-136), and MgrA (137), are
suggested to contribute to the regulatory network that fine-tunes urease activity. Lastly, it
is interesting that CcpA activates ure transcription but represses rocF (arginase)
transcription. These data suggest that the generation of urea by arginase is not linked to
urease activity. Thus, ure transcription is activated when S. aureus is growing with a
preferred carbon source such as glucose, which generates weak acids such as lactate or
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acetate. However, this also suggests that the urea utilized by urease must be exogeneous
and not generated by arginase activity, which is only active when S. aureus is growing on
non-preferred carbon sources such as peptides and amino acids.
To interrogate the function of urease in vivo, we hypothesized that the kidney is a
favorable niche for S. aureus colonization and resisting the host immune response for the
following reasons: First, renal blood flow is about 20% of the cardiac output (138). Thus,
S. aureus has ample opportunities to invade kidney tissue during blood filtration. Second,
as urea becomes concentrated when transported through renal tubules during the
production of urine, the collecting ducts in the inner medulla display the highest
permeability to urea (139); hence, not only the renal tubules but also the medullary
interstitium is rich in urea, providing sufficient substrates for urease. Third, kidney
medullary interstitium has a low pH (~5.5), comparing to the neutral cortical interstitium
pH (~7.4) (19, 83). In our mouse S. aureus bacteremia model, the temporal distribution of
the organ bacterial burden followed what has been previously documented (Fig. 4.8) (18,
140, 141). Among all the examined organs, the kidney was the only niche that developed
a chronic infection over time. On days 12 and 19, mice inoculated with the Δure mutant
had a significant decrease in CFU count in the kidneys (Fig. 4.9), indicating a selective
pressure in S. aureus to maintain urease function, similar to what has been reported in H.
pylori (97). The increased persistence of JE2 WT over Δure during chronic kidney
infections demonstrated that urease functionality enhances the fitness of S. aureus within
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low pH and high urea environments such as the kidney. In order to determine whether
differences in leukocyte recruitment are responsible for the changes in bacterial
persistence between JE2 WT and Δure, individual kidneys were analyzed by flow
cytometry (Fig. 4.10). Overall, no significant changes in the leukocyte populations were
observed, indicating that urease primarily enhances bacterial persistence rather than
directly altering leukocyte infiltration. The reason why we chose to evaluate the leukocyte
populations on day 8 was that the kidney infections started to be cleared on approximately
day 12 (Fig. 4.9). Thus the drastic differences in the bacterial burden between JE2 WT
and Δure could skew the immune responses on day 12. One potential mechanism of
urease facilitating bacterial survival during infection is that urease allows for persistence
in the phagolysosomes upon phagocytosis by macrophages (70). As macrophages are
found in renal medulla (142), S. aureus needs to employ strategies to survive within or
escape from the phagolysosomes during colonization in the kidney. However, the
examination of intracellular survival within mouse macrophages and neutrophils did not
reveal biologically significant differences between WT and the Δure mutant (Fig. 4.11).
Further studies are required to determine the mechanism of how urease facilitates survival
during infection.
In summary, we identified that urease in S. aureus functions to facilitate pH
homeostasis and survival under weak acid stress in the presence of urea; in non-acidic
conditions, the endogenous urea derived from arginine is secreted extracellularly but not
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catabolized to fuel nitrogen metabolism. We found that urease is induced by weak acid
stress and is within the regulatory network that consists of CcpA, Agr, and CodY,
interconnecting S. aureus stress response, metabolism, and virulence. We illustrated that
urease provides a fitness advantage for S. aureus to persist during chronic kidney
colonization of mice. These data all point to the conclusion that urease is not only a critical
component of the acid stress response system of S. aureus, it is also an important factor
in S. aureus pathogenesis.
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Chapter 5: Concluding remarks
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S. aureus, an opportunistic pathogen that survives in a multitude of environments
and colonizes various host niches, has developed multiple strategies to adapt to acidic
environments such as within macrophages, abscesses, and the kidney (10, 82, 126). In
this dissertation, we have explored the acid resistance mechanisms in S. aureus and
specifically identified lactate catabolism enzymes and urease as important components of
the acid resistance network through extensive characterization of their functions both in
vitro and in vivo.
Lactate catabolism is crucial during S. aureus growth under acid stress
Monitoring the growth of S. aureus cultured in the presence of HCl, acetic acid, and
lactic acid has revealed that S. aureus growth patterns were differentially affected by
strong and weak acid stress (Fig. 3.2), as previously observed (27). This was not
surprising, in that HCl, a strong acid, is completely dissociated into protons and chloride
anions, while a portion of weak acids remains undissociated and is permeable to the cell
membrane to cause intracellular acidification. This theory explains why at pH 6, 5, and 4,
S. aureus had a lower growth rate in the presence of acetic acid than HCl, but what led S.
aureus to grow at a higher rate in the presence of lactic acid than HCl at pH 6 and 5? The
answer lies in the ability of S. aureus to catabolize lactate, on top of the fact that at the
same pH, fewer lactic acid molecules remain undissociated comparing to acetic acid due
to the lower pKa of lactic acid (Fig. 3.1).
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S. aureus lactate catabolism genes include ldh1, ldh2, and lqo which catabolize Llactate, and potentially, ddh1 and ddh2 which may catabolize D-lactate. For the scope of
this study, we have investigated specifically L-lactate catabolism by providing 16 mM Llactate to CDM, and have found that all three genes ldh1, ldh2, and lqo contribute to the
growth of S. aureus under acid stress (Figs. 3.3 and 3.5), and our data suggest that lqo is
more important than ldh1/ldh2. Transcriptionally, ldh1 and ldh2 have been indicated to be
down-regulated upon acid stress (10, 27), but this may not directly reflect the functional
changes since Ldh1 and Ldh2 catalyze the reversible reaction of lactate catabolism. Not
much has been described regarding the transcriptional changes of lqo upon acid stress in
the literature, although functionally, previous studies have identified that Lqo is required
for S. aureus survival and virulence under NO· stress during infection. Our findings have
highlighted the importance of the overall lactate catabolism in facilitating S. aureus growth
under acid stress, and at the same time have provided a new perspective that lactate
consumption not only supports growth by catabolizing lactate as a carbon source but also
alleviates lactic acid stress to prevent intracellular cell death.
For future directions, it will be interesting to determine if Ddh1 and Ddh2 catabolize
D-lactate and are also important for S. aureus acid resistance, in which case, the only
available D-lactate would be bacteria-derived as it is generally thought that mammals do
not encode a D-lactate dehydrogenase (143). Although in our experiments the single
lactate permease mutants did not show significant growth defect under acidic growth
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conditions (Fig. 3.3), it will be necessary to generate the lctP/lldP double mutant of to
evaluate the function of LctP and LldP in resistance to lactic acid stress. In addition, it will
be of great significance to compare the ldh1/ldh2/lqo triple mutant to WT in a mouse S.
aureus bacteremia model where we predict the triple mutant will have attenuated virulence
in multiple organs; especially during chronic colonization in the kidney where there is a
low-pH environment with abundant lactate.
Urease rescues acetic acid-induced cell death in S. aureus
Urease has been reported to be crucial to bacteria in environmental adaptation,
virulence, and defense against host immunity. Numerous microarray studies have
reported that urease genes are upregulated under acid stress (10, 27, 31, 32), which have
led to our goal of characterizing the function and regulation of urease in S. aureus. Growth
experiments performed with approaches such as genetic manipulations, growth assays,
as well as a mouse model demonstrated that S. aureus urease rescues cell death
potentiated by acetic acid via ammonia generation in the presence of exogenous urea.
Instead of directly adding acetic acid to the medium, cells were cultured in TSB containing
45 mM glucose, so that acetic acid was produced by S. aureus via glycolysis. Indeed,
acetic acid induced cell death (Fig. 4.1) in accordance with previous findings (68). Our
results showed that the ability to survive and persist under acetic acid stress was
dependent upon urease and the presence of urea (Fig. 4.1). Particularly, urease does not
function unless there is urea available extracellularly, although urease transcription is
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readily upregulated upon acid stress regardless of urea being present or absent (10, 27,
31). It was also confirmed that acetic acid stress is accompanied by respiration inhibition
and endogenous reactive oxygen species generation (Fig. 4.3). Another interesting
discovery was that S. aureus and S. epidermidis have different preferential utilization of
alkaline-generation pathways (Fig. 4.5). In S. epidermidis, urease is active in mitigating
acid stress, and at the same time, the arginine deiminase pathway contributes to survival
under acetic acids stress as previously described (45). This divergence was also
recognized when transcriptional changes upon sapienic acid stress were monitored in
these two species (125). However, S. aureus primarily employs the urease pathway to
rescue survival under acid stress while the ADI pathway only plays a minor role if any.
Urease transcription is induced by weak acid stress and regulated by CcpA, Agr, and
CodY
-galactosidase assays were conducted to determine the effects of weak acid stress
on urease gene transcription and potential urease transcriptional regulators. It’s not
surprising that urease is induced by low pH (Fig. 4.6), as multiple transcriptional analyses
have indicated that urease genes are highly upregulated upon acid stress (10, 27, 31, 32).
Investigations into the regulatory system that fine-tunes the expression of urease
illustrated that the regulation network is mainly comprised of CcpA, Agr, and CodY,
suggesting that urease transcription responds to metabolism changes and is tied closely
to pathogenicity. The finding that CcpA positively regulates urease transcription was in
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agreement with an earlier study which mentioned a putative catabolite cre site upstream
of the ureA gene (102). Remarkably, the ccpA mutant was able to survive under weak acid
stress in spite of the decreased urease transcription (Fig. 4.7). We found that the loss of
ccpA resulted in de-repression of overall amino acid metabolism, enabling ammonia
production to promote survival. The role of Agr in activating urease transcription was
supported by a microarray study where urease transcription was upregulated by the Agr
system (103). Agr, a critical regulator of virulence factor expression has thereby
interconnected urease activity and virulence in S. aureus, which implies that urease may
be a key player for survival upon phagocytosis when Agr is induced by phagosomal
acidification to activate urease function to promote persistence inside macrophages.
However, we could not observe a urease-dependent difference in intracellular survival
within macrophages or neutrophils (Fig. 4.11). Further, it is not clear whether the CcpA
and CodY are directly or indirectly regulating urease transcription, which can be confirmed
by protein purification of these regulators and subsequent electrophoretic mobility shift
assays. If CcpA and CodY are direct regulators of urease, further studies can be continued
in identifying the binding sequences and characterizing the binding affinities. NMR
analysis was used to assess the role of urea and urease in nitrogen metabolism, and the
urea derived from labeled arginine was secreted rather than utilized in non-acidic CDM
(Fig. 4.4). Therefore, we concluded that endogenous urea is not utilized as a major
nitrogen source under non-acidic conditions.

102

Urease is essential for the persistence of S. aureus during a mouse chronic renal infection
In the mouse bacteremia model, S. aureus colonization of multiple organs was
evaluated (Fig. 4.8). In contrast to heart, liver, and spleen, where the bacterial burden was
reduced at later timepoints, S. aureus was able to form chronic infection and persist in the
kidney, as noted in previous studies (18, 140, 141). Moreover, this long-term survival in
mouse kidneys was urease dependent, as the urease deletion mutant Δure was deficient
in persistence and tended to be cleared from the kidneys (Fig. 4.9). The physiology of
kidneys supports that it is a urea-rich environment with a low pH especially in the medullary
region (19, 83, 139). Thus, it may be not surprising that the kidney becomes a favorable
niche for S. aureus colonization where urease plays a key role. As for the mechanisms of
how urease provides such an advantage in persistence in mouse kidneys, one theory is
that via urease function, S. aureus skews host immune systems towards anti-inflammatory
responses which favor bacterial survival. However, mice infected with WT and Δure did
not differ in infiltrated leukocyte population (Fig. 4.10). We could not rule out that the
functional activity of leukocytes may vary in spite of similar population, but these results
suggested that the survival advantage that urease provides is more likely a result of
increased fitness to the local environment during a kidney infection. It was hypothesized
that urease facilitates S. aureus survival within phagosomes in macrophages, given that
upon phagocytosis, macrophage phagosomes become acidic as they mature (70).
However, gentamicin protection assays did not reveal significant differences between WT
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and the urease mutant in intracellular survival in macrophages and neutrophils (Fig. 4.11),
suggesting that urease may not lead to enhanced persistence inside macrophages and
neutrophils, at least in the experimental conditions we tested. Collectively, our data
demonstrated that urease is essential for S. aureus to resist the clearance by the host
immunity and to persist in the mouse kidneys, underscoring the potential role of urease as
a critical virulence factor required for renal infection with S. aureus. More comprehensive
studies addressing how urease contributes to resistance to host immune responses are
greatly in need. Experiments can be performed assessing whether urease facilitates S.
aureus survival under host ROS stress as it is a major antimicrobial defense mechanism
(144).
In conclusion, the work presented in this dissertation has provided novel views of
the acid resistance mechanisms in S. aureus, as summarized in Fig. 5.1. Our study
underscores the critical components of the acid response network especially under weak
acid stress such as lactic acid and acetic acid. The results of this study have presented
the different effects on S. aureus imposed by strong and weak acids, highlighting the
significance of lactate catabolism in S. aureus growth under lactic acid stress. Moreover,
this work has demonstrated the unique function of urease in facilitating survival in the urearich acidic environments, as well as in being a required enzyme for persistent kidney
infections and potential subsequent staphylococcal metastasis. Established in this work,
the dual function urease serving as a significant part of the acid response network and
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Fig. 5. 1. Model of acid resistance mechanisms in S. aureus.
The major mechanisms S. aureus utilizes to survive under acid stress include lactate
catabolism, urease, amino acid deamination, cyclic-di-AMP, ROS repair system, and
F1F0ATPase. Under low pH conditions, S. aureus intracellular L-lactate is catabolized
by Ldh1, Ldh2 and Lqo into pyruvate to facilitate growth and prevent the formation of
L-lactic acid. The intracellular L-lactate anions can be imported by L-lactate
permeases LctP and LldP, as well as be generated as a result of the dissociation of Llactic acid which is diffused into the cytoplasm. Urease functions to hydrolyze urea
and generate ammonia, which consumes intracellular protons to become ammonium.
Amino acid deaminases such as arginine deiminase contribute to acid resistance also
via the generation of ammonia. Further, cyclic-di-AMP is believed to facilitate S.
aureus growth in acidic environment. The generation of cyclic-di-AMP from ATP is
mediated by DacA, which requires the interaction with YbbR. ROS repair enzymes
are crucial for S. aureus survival under acid stress, since superoxide dismutases such
as SodA consume superoxide radicals; catalase (KatA) mediates the decomposition
of hydrogen peroxide to water and oxygen; the Clp protease family proteins degrade
accumulated and misfolded proteins. F1F0ATPase pumps protons outside of the cell
to counteract acid stress by hydrolyzing ATP.
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contributing to virulence in vivo has interconnected both pathogenesis and metabolism of
S. aureus. Indeed, more is awaiting to be studied regarding the detailed mechanisms of
lactate catabolism facilitating resistance to lactic acid stress and the mechanisms of
increased fitness provided by urease. Nevertheless, this work has laid the foundations for
further studies to develop a better understanding of S. aureus biology and potential
therapeutic strategies.
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